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Abstract: Nanoscale biosensing devices improve and enable detection mechanisms by 
taking advantage of properties inherent to nanoscale structures. This thesis primarily 
describes the development, characterization and application of two such nanoscale 
structures. Namely, these two biosensing devices discussed herein are (1) an extended-
core coaxial nanogap electrode array, the ‘ECC’ and (2) a plasmonic resonance optical 
filter array, the ‘plasmonic halo’. For the former project, I discuss the materials and 
processing considerations that were involved in the making of the ECC device, including 
the nanoscale fabrication, experimental apparatuses, and the chemical and biological 
materials involved. I summarize the ECC sensitivity that was superior to those of 
conventional detection methods and proof-of-concept bio-functionalization of the sensing 
device. For the latter project, I discuss the path of designing a biosensing device based on 
the plasmonic properties observed in the plasmonic halo, including the plasmonic 
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1.1 Importance of Biosensing 
A biosensor is a device that converts the physical and/or chemical interaction of a 
biological or bio-related substance into an analytical signal. In doing so, the 
characterization or quantification of these substances has been used to help us expand our 
understanding of nature and improve the quality of life. 
Biosensors impact several aspects of our lives. We interact with many of them directly, 
such as glucose monitors for diabetics, pregnancy tests, and wearable heart rate monitors. 
Others play significant roles behind the scenes, such as food quality and beverage 
fermentation monitors, airborne allergen monitors, and those ubiquitous to drug research 
and development. 
Diagnostic and health monitoring are some of the most common uses of biosensors. They 
are used from before birth in prenatal genetic testing until after death in pathology tests 
during autopsy. As a result of their regular application, especially in United States and 
Europe, the global diagnostics market value has been estimated at $40 – 45 billion USD 
(World Health Organization, 2016). Diagnostics may also be the most commendable 
application of biosensors, as accurate diagnosis is crucial to the control of infectious 







1.2 Nanoscale Sensing Devices 
Developments in on-chip, portable electrochemical biosensing tools, which are suited to 
point-of-care (POC) use, are limited in part by a lack of appropriate surface architectures. 
Signal transduction and overall sensor performance is dictated by electrode design, and as 
a consequence, simplistic structures, such as planar gold, may not be sufficient to 
maintain high sensitivity on a miniaturized platform (Grieshaber et al., 2008; Lowe, 
1984; Kasemo, 1998). As such, the field of biosensing has greatly benefited from the 
utilization of nanomaterials and nanofabrication techniques in order to overcome these 
limitations (Chen et al., 2010; Roy and Gao, 2009; Brazaca et al., 2017; Wongkaew et al., 
2018; Zhang et al., 2017; Zhu et al., 2015; Rizal et al., 2013). Figure 1 below illustrates 
some common elements that are involved in biosensing devices. 
 
 
Figure 1. Elements and selected components of a typical biosensors. Shown are 
common tested materials (samples), designed nanoscale structures (transducer), and 
recording and processing equipment (electronic system) involved in nanostructure 





Among the applications, biosensors based on nanoscale materials or structures have 
demonstrated high levels of success in the detection of molecular and biological species 
related to human disease. This can be understood in part by consideration of typical 
spatial dimensions of targets of biosensing devices, e.g. viruses, proteins, and other 
virulence factors, on the order of single-to-tens of nanometers (Erickson, 2009; Purohit et 
al., 2005).   
While all biosensing devices depend on material properties in one way or another, some 
biosensing devices are based entirely on the physical phenomena intrinsic to the 
constituent materials, e.g. ISFET-based devices (Lee et al., 2009; Bergveld, 2002), 
graphene-based devices (Peña‑Bahamonde et al., 2018; Justino et al., 2017; Tehrani et al., 
2014), and topological insulators-based devices (Kottaram Amrithanath et al., 2019; 
Mohammadniaei et al., 2018), as shown in Figure 2. It is important to note that these 
devices have physical phenomena that are dependent on nanoscale features. There is a 
large and growing interest in many of the materials incorporated into these devices for 
other research and applications, often preceding their appearance in biosensing devices. 
For this reason, the availability and understanding of the fabrication tools and techniques 
used to produce these materials is also increasing, thereby facilitating their ubiquitous 




Figure 2. Materials-based biosensing devices. (a) Graphene-based biosensor (Tehrani 
et al., 2014), (b) ion-sensitive field-effective transistor biosensor (Bergveld, 2002), and 
(c) topological insulator-based biosensor (Mohammadniaei et al., 2018). 
 
Another class of nanoscale sensing device can be described as those that are based on 
mechanical motion for features at the nanoscale. The most common example being those 
based off microelectromechanical systems (MEMS) and nanoelectromechanical systems 
(NEMS) (Takahashi et al., 2013; Sangeetha et al., 2013; Arlett et al., 2011; Yeri et al., 
2011; Yu et al., 2015). Other systems rely on sensing through physical changes caused by 
target biomolecules, e.g. changes to the resonant frequency in piezoelectric devices 
(Pohanka, 2016; Tombelli, 2012; Cooper et al., 2007), through volumetric-expansion of 
conducting materials in the presence different chemicals (Maldonado et al., 2008). Figure 
3 below depicts some of these examples, where detection of biological species 
corresponds to active changes in mechanical properties, most commonly micro- and 
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nanoscale lengths. These changes are then coupled to signal transducers through 
electrical or optical recording mechanisms, for sensitive real-time measurement of 
antigen presence or characteristics.  
 
 
Figure 3. Biosensors based on mechanical actuation.  (a) NEMS-based biosensor (Yu 
et al., 2015), (b) piezoelectric-based biosensor (Pohanka, 2016), (c) actuated Fabry-Perot 
cavity biosensor (Takahashi et al., 2013), and (d) polymer swelling based biosensor 
(Lewis et al., 1996). 
 
Another class of nanoscale sensing device are those based on static structural 
characteristics and spatial properties (Figure 4). These nanoscale sensing devices improve 
and enable detection mechanisms by taking advantage of properties inherent to nanoscale 
structures, such as high surface-to-volume ratio (Arroyo-Currás et al., 2017; Liu et al., 
2014), single molecule-sized pores (Feng et al., 2015), high aspect-ratio nanowire (Hsu et 





Figure 4. Biosensors based on nanoscale structural features.  (a) nanogap-based 
biosensor (Li at al., 2010), (b) high aspect-ratio nanorod biosensor (Hsu et al., 2014), (c) 
nanopore-based biosensor (Nehra et al., 2019), and (d) high surface area biosensor 
(Arroyo-Currás et al., 2017). 
 
These and other nanoscale properties facilitate the existence and enhancements of 
phenomena key to biosensing, such as redox cycling (Wolfrum et al., 2016), localized 
electric fields (MacKay et al., 2015), and Faradaic-to-capacitive signal ratio (Morgan and 
Weber, 1984; Otero et al., 2016). Since these phenomena depend on the nanoscale 
features, small, judicious changes to these parameters can potentially result in significant 








1.3 Plasmonic Sensing Devices 
Plasmonic-based sensing devices have responses that are dominated by the material 
properties nearby the surfaces to which biological species can be selectively captured, 
thereby enabling their capacity for applications in sensitive biological detection. 
Synchronized design of plasmonic structures with corresponding biological assays has 
promoted the growing and impactful field of plasmonic-based biosensing devices. 
This detection phenomenon is the combined consequence of aspects of the biological 
processes used to capture targeted biomolecular species as well as the inherent properties 
of surface plasmon polaritons. A surface plasmon polariton (SPP) is a quasiparticle 
hybridization of a photon with a surface plasmon resonance (SPR), which itself is a 
quasiparticle collective oscillation of electron density at the interface of a metal and 
dielectric, as first proposed by Pines and Bohm in 1952 (Pines et al., 1952). The solutions 
to Maxwell’s equations at this interface are fields with exponentially decaying transverse-
magnetic polarization. Put another way, the fields are greatest near the surface. Satisfying 
the electromagnetic boundary conditions reveals that the plasmon dispersion relationship 
is dependent upon both materials, specifically their relative dielectric permittivities. A 
principle mechanism of many biosensing devices involves the functionalization of the 
device for selective capturing of target antigens. Since the surface is intrinsically the 
location where biological functionalization occurs, the change to material properties 
during surface functionalization and subsequent antigen capture is most prominent in the 
same near-field region that the electric fields of the SPP are greatest. This fact is what 
enables plasmonic-based sensing devices to have high detection sensitivities of very low 
concentrations of biomolecular species, ultimately motivating research and development 
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for their promising ability to have impactful applications in sensitive biosensing devices. 
There exist several different configurations of SPR-based sensors that exploit the 
different ways of coupling light to an interface where surface plasmons are formed, as 
shown in Figure 5 below. Other ways of exciting surface plasmons exist (Gong et al., 
2014; Baragiola et al., 1999), though they are uncommon and inapplicable to biosensing. 
 
 
Figure 5. Different types of SPR-based sensing mechanisms. (a) Prism coupled TOI, 
(b) waveguide coupled, (c) microstructure optical fiber, (d) side-polished optical fiber, (e) 
grating-coupled, and (f) self-referencing SPR. Adapted from Homola, 2003; Klantsataya 
et al., 2014; Dong et al., 2019; Hastings et al., 2007. 
 
 
In order to couple energy into the surface plasmon, energy must scatter from the light, as 
is discussed in section 3.1.1.  This loss of energy corresponds to a decrease in intensity of 
the incident light for different wavelengths. Most commonly, measuring this change in 
intensity as a function of the device parameters and applied materials is the detection 
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mechanism of plasmonic-based biosensors, though other detection mechanisms have 
been demonstrated, e.g. electronically (Peale et al., 2016). 
Successful experimental demonstration of any device or phenomenon requires the 
appropriate equipment to be used in detection, discussed in section 3.2. The appropriate 
equipment is determined in part by the optical regime characteristic of the material 
incorporated in the plasmonic-based devices. One of the key material properties that 
influences this regime, and corresponding equipment, selection is the density of free 
charge carriers, as is shown in Figure 6. 
 
 
Figure 6. Optical regime and free carrier density. Adapted from Luther et al., 2011. 
 
 
There is certainly a large range of tools, techniques and materials employed in the 
development of plasmonic-based biosensing devices (McPeak et al., 2015; Li et al., 2015; 
Mauriz et al., 2016). This enables plasmonic-based biosensors to have a broad impact in a 
variety of important applications, e.g. exceedingly high sensitivities capable of detecting 
single biomolecules (Zijlstra et al., 2012), precise quantitative measurement of individual 
DNA properties (Riedel et al., 2016), the detection of hepatitis B, malaria, tuberculosis 
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and other of the world’s most impactful infectious diseases (Chen et al., 2015; Sivaraj et 
al., 2016; Wood et al., 2019) , and multiple detection methods of cancer biomarkers 
(Ferhan et al., 2018), some of which are shown in Figure 7 below. The growing field of 
plasmonic-based biosensor has and can continue to benefit from the introduction of new 
structures and techniques, hopefully including those from this work. 
 
 
Figure 7. Some detected biomolecules. Detection includes that of (a) single 










1.4 Organization of this thesis 
In Chapter 2, I will discuss the development and experimentation of a biomolecular 
sensing device based on an array of nanocoaxial electrodes. I will introduce the tools and 
fabrication procedure used in creating the structures as well as the materials and testing 
involved in device measurements.  In Chapter 3, I will discuss the process engineering of 
concentric ring nanostructures towards the development of a plasmonic-based biosensing 
device. Within each chapter, I will include a review of relevant literature pertaining to 
nanogap electrode and plasmonic-based sensing devices, respectively. Each chapter will 




2. Extended Core Coaxial Sensor 
2.1 Nanogap Electrochemical Sensing 
2.1.1 Introduction 
Biosensors that incorporate nanomaterials and nanofabrication techniques enable 
molecular detection of chemical and biological macromolecules with a high degree of 
specificity and ultrasensitivity. In this chapter, we discuss a novel fabrication process that 
yields a nanostructure capable of detecting biological macromolecules (D’Imperio, 
Valera et al., 2019). The extended core nanocoax (ECC) structure builds on a previously 
reported nanocoaxial-based sensor. The fabrication of the device incorporates an 
extended inner pillar, with controllable extension above the annulus and into the 
surrounding solution. This new design eliminates structural constraints inherent in the 
original nanocoax architecture. We also provide results demonstrating improvement in 
biosensing capability. Specifically, we show the capability of the new architecture to 
detect the B subunit of the Vibrio cholerae toxin at improved sensitivity (100 pg/ml) in 
comparison to optical enzyme-linked immunosorbant assay (1 ng/ml) and previously 
reported coaxial nanostructures (2 ng/ml).  
2.1.2 Previous Works. 
A nanogap-based architecture, the nanocoax, was previously reported and shown to be 
able to transmit visible light (Rybczynski et al., 2007; Merlo et al., 2014), convert light to 
electricity (Naughton et al., 2010), and detect volatile organic compounds (Zhao et al., 
2012). The nanocoax has also been used as an optrode for neurophysiology (Naughton et 
al., 2016).  Its architecture consists of vertically oriented, concentric metal-insulator-
metal layers, previously with inner and outer electrodes having the same height, as shown 
in the cross-sectional, false-color SEM in Figure 8 below. The high sensitivity 
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demonstrated in chemical (Zhao et al., 2012) and electrochemical (Rizal et al., 2013) 
detection indicated that the nanocoax might also hold promise for biomolecular sensing. 
 
 
Figure 8. Cross-sectional, false-color SEM of the nanocoax. The general structure of 
the nanocoax and material boundaries of the MIM are shown. Adapted from Rizal et al. 
2013. 
 
Herein, we show how our novel fabrication, wherein the inner metal is extended above 
the annulus, affords a high density of biofunctionalization, greater sensitivity, and 
applicability for on-chip biosensing not possible in earlier iterations of the nanocoax 








Below are images of the core equipment used for this research. 
 
 














































Figure 18. Cleanroom user with personal protective equipment (PPE). Standard PPE 











Figure 20. Gamry Instruments Potentiostat/Galvanostat Interface. Shown with 










2.1.4 Chemicals and Reagents 
Cholera toxin beta subunit antigen (CTX), ferrocenecarboxylic acid (FCA), ethanol, 
ethylenediaminetetraacetic acid (EDTA), and glycerol were purchased from Sigma-
Aldrich (St. Louis, MO). Anti-cholera toxin subunit B polyclonal and monoclonal 
antibodies and alkaline phosphatase- (ALP) conjugated antibody were obtained from 
Abnova (Taipei, Taiwan). p-aminophenylphosphate (pAPP) was purchased from Gold 
Biotechnology, Inc. (St. Louis, MO). The BluePhos phosphatase substrate system was 
purchased from KPL (Gaithersburg, MD). Bovine serum albumin (BSA), Tween-20, 
phosphate buffered saline (PBS), and Tris base were obtained from Fisher Scientific 
(Pittsburgh, PA). Protein G was purchased from Protein Mods (Madison, WI). The 
Innovacoat gold nanoparticle 40 nm conjugation kit was obtained from Novus 
Biologicals (Littleton, CO).  
Shipley 1813 photoresist, MF-319 developer, Microposit 1165, LOR-3B resist, and SU-8 
were purchased from MicroChem Corp. (Westborough, MA). Transetch-N and Cr 1020 
etchants were purchased from the Transene Company, Inc. (Danvers, MA). Epon resin 
828 and Epikure 3140 curing agent were obtained from Miller-Stephenson Chemical Co. 
Inc. (Danbury, CT). Hydrogen peroxide (27%) and ammonium hydroxide (28%) were 
procured from Alfa Aesar (Ward Hill, MA).  
2.1.5 Techniques 
Optical ELISA: Optical ELISAs were performed identically to the off-chip ELISA, with 
the exception that for the last step, the BluePhos phosphatase system replaced pAPP as 
the reaction substrate. Absorbance was measured spectroscopically at λ=600 nm on a 
SpectraMax M5 (Molecular Devices, Sunnyvale, CA).  
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On-chip ELISA: ECC sensing arrays were biofunctionalized using a thiolated protein G 
diluted to 1 mg/ml in TBS. Substrates prepared as described in section 2.2.1 were 
incubated with protein G for 2 h at room temperature with rocking, after which the chips 
were rinsed thoroughly 3x in tris buffered saline (TBS). They were then incubated for 48 
h at 4°C with a primary anti-cholera toxin polyclonal antibody diluted to 1 mg/ml in 10 
mM HEPES. After incubation, they were rinsed 3x in TBS with tween-20 (TBST), and 
blocked for 1 h at room temperature using 5% bovine serum albumin (BSA) and 5% 
glycerol in TBST to prevent nonspecific binding to the well. A range of concentrations of 
CTX (100 pg/ml – 10 µg/ml) was prepared in 2% BSA/TBST, and incubated on the chip 
surfaces for 1 h at room temperature. The chips were again rinsed 3x with TBST. A 
secondary anti-cholera toxin antibody was diluted to 50 ng/ml in 2% BSA/TBST and was 
added to the chip surfaces for 1 h at room temperature, after which the chips were washed 
3x with TBST.  
Anti-mouse IgG conjugated to ALP was added at a concentration of 2.7 μg/ml for 1 h at 
room temperature. The chip was washed 6x with TBST and then 1 mM pAPP was added 
to the chip surface and incubated for 30 min in the dark at room temperature. The 
reaction was terminated with 20 μL of 50 mM EDTA in TBS. The 4-aminophenol (4-AP) 
generated in the reaction was oxidized directly on the sensing array via DPV in a 
potential range of -300 mV to 200 mV (to encompass the oxidation potential of 4-AP at -
100 mV), with a potential step of 2 mV, a pulse amplitude of 50 mV, a pulse width of 50 
ms, a sample period of 100 ms, and an equilibrium time of 10 s. Titrations of cholera 
toxin were analyzed by overlapping DVP signals. Nonspecific peaks were subtracted 
from all data points. Raw DPV signals were also subtracted to zero at -200 mV to ensure 
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that observed peak currents were accurate.  
Off-chip ELISA: Off-chip electrochemical ELISA assessments were carried out similarly 
to on-chip, with the following modifications. A 96-well microtiter plate was used in place 
of the gold chip surface for tethering of the primary capture antibody. In order to 
facilitate binding to the plastic microtiter plate, the primary antibody was diluted in 0.1 M 
NaHCO3 for 2 h. The plate was then blocked overnight in 5% BSA in TBST. All 
subsequent reagent applications (cholera toxin, secondary antibody, tertiary antibody, and 
enzyme substrate) and wash steps were performed in the microtiter plate as previously 
described. The final redox product, 4-AP, was applied to the surface of the ECC for 
electrochemical measurement. DPV settings were as previously described for 4-AP 
redox. 
2.2 Device Process Engineering 
2.2.1 Operating Procedure 
By far the largest use of my time for this project was in making new ECC samples. 
Hence, it is important to include an unabbreviated operating procedure. For completeness 
and succinctness, a summarized version will be included in the subsequent subsection 
2.2.3 Fabrication.  There were many parameters to explore that required new chipsets. 
There were also many problems encountered with new processing steps and tools 
involved with the fabrication. Once viable chips were produced, the testing of the devices 
with biological materials was often a one-way trip and chips could not be easily cleaned 
for faithful resuse in subsequent testing. These and other factors resulted in the need for 
several chipset productions, with the total chip number produced at 113. Some of the 
values in the operating procedure below were subject to parameterization in order to see 
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the influence on device performance, as is described in later sections. The values 
included below were those most recently used to produce viable samples. 
 
Extended Core Coax Fabrication Procedure 
Training on all equipment included is necessary before independent use is granted. 
Wear all appropriate PPE when required. 
If using silicon pillar sample skip to the section Cleaning Si Pillar Samples. 
If producing pillar array in SU8 by nano-imprint lithography then follow the next section. 
Nano-Imprint Lithography for Making SU8 Pillar Array 
1. Ensure that the blinds are closed and open the nitrogen gas line to the mask aligner.  
2. On the SUSS MA6 mask aligner, do the following waiting 3s between each: 
a. Press “On” on the SUSS power source 
b. Press “CP” 
c. Press “Start” 
d. Wait for lamp to warm up 
e. Press ‘Ch2’ if it’s indicator light is not already lit up 
3. Obtain and clean substrate with procedure in Cleaning Si Pillar Samples below. 
4. Turn on the Laurell spinner by pressing in the button on the back of the housing.  
5. Open the vacuum line slightly to the Laurell spinner so you can hear gas flowing.  
6. Set 2 hot plates to 65°C and 95°C, respectively. 
7. On the mask aligner, carefully disconnect the vacuum hose from the mask holder and 
remove the mask holder, set aside.  
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8. Ensure that the screws of the NIL presser will clear the UV lamp guard. If they 
extend high enough to not clear UV lamp guard as it moves out, remove the circular 
wafer holder platform and set aside. Once removed, set a glass platform to support the 
presser on the black metal arms which used to house the wafer holder platform.   
9. Change the parameters for the mask aligner to the following 
a. Process: “Lithografy” 
b. Exposure: “Flood”  
c. Time: 90 s 
10. Place the appropriate chuck onto the spinner for the size substrate being used, making 
sure that the O-ring is secured. 
11. Use the interface to select program “N” (6 s at 500 rpm followed by 35 s at 3000 
rpm). If these parameters are changed, they can be adjusted by pressing the “F1” 
button.  
12. Ensure that the substrate is centered on the spinner chuck and then press the 
“Vacuum” button on the spinner interface to secure the substrate to the chuck. 
13. Obtain a bottle of SU8 2002 and transfer a sufficient amount (determined by the size 
of your samples) into a secondary container with a spout for easy pouring. 
14. Slowly pour the SU8 onto the substrate so that a layer completely covers the entirety 
of the substrate. Be sure that the SU8 adheres to the corners and top edges of the 
substrate and does not detach. If any of the SU8 overflows the edges of the substrate, 
carefully wipe to remove the excess.  
15. Close the lid of the Laurell spinner and press the “Run” button to begin spinning. 
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16. Once the program runs to completion, press the “Vacuum” button to free the substrate 
from the chuck and carefully move the substrate to the 65°C hot plate for 3 min.   
*When placing the substrates on the hot plate, beware of discolorations or debris on the 
hot plate itself and try to avoid these, as they can lead to uneven heating. 
17. After the 3 min, move the substrate to the 95°C hot plate for another 3 min.  
18. Transfer the substrate to the base of the NIL presser with the SU8 side facing up. 
19. Carefully align and place the PDMS mold onto the sample so that the pattern of the 
mold is facing down into the SU8 side of the sample.  
20. Align a piece of glass onto the top of the mold for even pressure distribution. 
21. Align the sample on the base of the NIL presser such that the pattern region of the 
PDMS mold will be exposed through the window in the top of the NIL presser. 
22. Finger tighten the screws of the presser evenly. Alternate tightening each screw a 
small amount one at a time in order to prevent breaking of the glass or substrate.  
23. Once the NIL presser has been tightened by hand, use tweezers for further tightening.  
*Watch for air bubbles between the pressure distributing glass and the mold as the 
presence of these indicate that the presser is not clamped down hard enough and needs to 
be tightened further. Also, extreme or inconsistent tightening can break samples or glass. 
24. Bake the entire sample in the presser on the hotplate at 95°C for 10 min.  
25. As soon as 10 min have passed, move the presser to the mask aligner and expose it 
using the parameters as previously set.  
26. After exposure, move the presser back to the 95°C hot plate for another 10 min. 
27.  After the time has elapsed, move the presser to the 65°C hot plate and immediately 
turn off the hotplate allowing it to slowly cool down for 30 min.  
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28. Remove the NIL presser from the hotplate and then remove the screws of the NIL 
presser and carefully peel the mold off of the substrate. Set hotplate back to 65°C. 
29. Expose only the substrate in the mask aligner using the same parameters as before. 
30. Place the substrate onto the 65°C hot plate and move the temperature up 
incrementally by 15°C intervals every 1 min.  
31. Once the hot plate reaches 230°C, bake for 30 min. 
32. After the 30 min has passed, incrementally decrease the temperature by 15°C every 1 
min until it reaches 65°C once more. Hotplate may not cool this quickly.  
33. Clean spinner and hotplates, disposing of chemicals, and powered down equipment.  
Cleaning Si Pillar Samples in Piranha Etch 
34. Set 16x30mm2 samples in alumina rack and set rack into 250 mL beaker 
a. Set onto hotplate in chemical hood to and set hotplate to 150°C 
b. Carefully pour 100 ml of H2SO4 into beaker and heat for 10 min. 
c. Pour 33 ml of H2O2 (30%) into a graduated cylinder then VERY SLOWLY add 
the H2O2 into the heated H2SO4 (reaction with acid should be visible). 
d. After 20 min turn off heat and carefully remove sample rack from solution and 
immediately rinse THOROUGHLY with DI-H2O. 
e. Dry thoroughly with N2 air and then remove samples from rack for processing. 
Inner Electrode Photolithography and Sputter Deposition 
35. Turn on Laurell pump in corridor. 
36. Set up Mask aligner and developing chemicals. 
a. Obtain mask MEA_30100_2RN_BC and set up in mask aligner. 
b. Edit parameters to change exposure time to 8 s and mode to hard contact. 
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c. Set out and label clean crystallization dishes with H2O and developer MF319. 
37. Place pillar samples in barrel etcher to clean and promote adhesion. 
a. Use oxygen etch. 
b. Pump down to 40mTorr. 
c. Change power setpoint to 550W 
d. Change oxygen MFC flow setpoint to 100sccm. 
e. Open MFC flow oxygen valve and let pressure stabilize, approx. 175mTorr. 
f. Press Power to start and stop power. Run for 1min. 
g. Turn off oxygen, return setpoints to zero, turnoff vacuum, vent slow then fast. 
h. Remove sample, pump down chamber and shut off barrel etcher. 
38. Turn on Laurell spinner and set to program with the following parameters: 1) 
500RPM for 5 s with Acl=4, 2) 1000RPM for 30 s with Acl=11. 
39. Center substrate then press vacuum. Ensure vacuum level approx. 20. 
40. Apply LOR3B liftoff resist to cover entire sample surface. Avoid air bubbles in LOR. 
41. Once resist covers entire surface, close the spinner lid and run spin cycle. 
42. When the spinning comes to a stop, carefully remove the sample from the spinner, 
and soft bake sample for 5 min at on a hotplate at 150°C. 
43. Let sample cool for 1 min. 
44. Set Laurell spinner to program with the following parameters: 500RPM for 8 s with 
Acl=4, 2000s for 45s with Acl=11, 3000RPM for 5s with Acl=16, 500RPM for 5s 
with Acl=5.  
45. Center substrate then press vacuum. Ensure vacuum level approx. 20. 
46. Apply S1813 photoresist to cover entire sample surface. 
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47. Once resist covers entire surface, close the spinner lid and run spin cycle. 
48. Remove sample from spinner and softbake at 110°C for 2 min. 
49. Align sample by eye with macro pads in photomasks and then with microscope. 
a. Press F1, then enter, then left 
b. Use dials to move sample forward, backward, left right, and adjust angle. 
50. Expose sample for 8 s in hard contact mode. 
51. Develop in MF319 for ~60 s followed immediately by rinsing in DI water. 
52. Air dry with N2 gun. 
53. Observe sample in microscope to ensure appropriate amount of development.  
54. Repeat step 37 to oxygen etch in barrel etcher. 
55. Deposit 10nm of Ti followed by 100 nm of Au in AJA. 
a. Determine deposition rates of Ti and Au from recent measured depositions. From 
the deposition rates and desired thickness calculate a deposition time for each 
material and record in logbook. Approx. times are Ti:1 min and Au: 4 min 
b. Fix samples to AJA platen and include a witness sample with Kapton tape. 
c. Add platen to AJA insert arm, cover lid, connect N2 gas line, and switch pump. 
d. After 15min open door to main chamber and slowly insert magnetic coupled arm. 
e. Use flashlight to observe the insertion and locking of the rotating axes key into 
the platen back. 
f. Lift the platen and remove the insertion arm. 
g. Lower platen and sample to appropriate height. 
h. Close main chamber gate to exchange chamber. 
i. Turn on rotation, then Ar flow at 18 sccm, then PRESSURE set to 20 mTorr. 
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j. Set Ti and Au voltage values to voltage values of predetermined rate for those 
guns, approx. 200 W for Ti and 250 W for Au, and the ramp times to 1min each. 
If the Ti target is on an RF source then it will be necessary to turn the main 
chamber power to 10 W for the first 10 s of the Ti gun powering up, then to open 
and immediately close the Ti target so the chamber plasma to light the Ti target. 
k. Have both target reach their set power and then set the pressure to 3 mTorr. 
l. Open the Ti target and after the predetermined amount of time (~1 min) open the 
Au target and immediately close the Ti target. Close the Au target after the 
predetermined amount of time (~4 min). 
m. Set the ramp times of the Ti and Au to 1min and powers to 50s. After the ramp 
down turn off the targets. 
n. Set pressure to 10 mTorr, 20 mTorr and then to OPEN. Turn off Ar and rotation. 
o. Remove the platen in the opposite order of steps e.-j. and then shut off pump once 
the platen is in the exchange chamber and the main chamber door is closed. 
56. Remove samples for platen and measure the thickness of witness on profilometer. 
57. Set samples in the solution 1165 at 60°C to liftoff overnight (<24 h). Cover with 
watch glass to prevent complete evaporation of volatile 1165.  
58. Rinse samples in new 1165, then H2O, then acetone, then IPA, then H2O, then N2 dry.   
59. Inspect deposited films by optical microscope. 
60. Place the sample into an appropriate storage holder. Dispose of chemicals in the 
proper waste containers and ensuring that all electronic equipment is powered down.   
Annulus by Atomic Layer Deposition 
61. Vent the Cambridge ALD system and open the trimethalaluminum precursor valve. 
31 
 
62. Set samples and a Si witness sample into the ALD chamber on top of 4” Si wafer. 
63. Close chamber lid and evacuate the chamber. 
64. Select recipe of 0.1nm of Al2O3 with temperature and chose number of loops to 
results in desired thickness, typically 100-150 nm, or 1000-1500 loops. 
65. Start the program and monitor the pressure (after ~30 min heat-up time) to ensure that 
pulses of the precursor and water vapor are registering. 
66. After the program is complete (~5 h), vent the chamber, remove the samples, 
evacuate the chamber and close the precursor valve. 
Remove Al2O3 from Contact Pads by Wet Etch 
67. Perform photolithography according to steps 46-53 to uncover the applied resist from 
on top of the macro contact pads. 
68. Pour Transetch-N into a crystallization dish. 
69. Set photolithographically patterned samples into the Transetch-N. Etch rate 20 nm/h 
70. After the calculated amount of time (5-8 h) remove the samples and thoroughly rinse 
with DI-H2O and dry with N2 gas. Save Transetch-N for Pillar Decapitaion. 
71. Inspect by microscope to ensure complete removal of Al2O2 from contact pads. 
72. Remove resist from samples with acetone, then IPA, then H2O, then N2 dry. 
Outer Electrode Photolithography and Deposition 
73. Perform photolithography according to steps 37-53 to define Cr metal electrodes. 
Make sure to align all 7 sensing regions using the microscope before exposing. 
74. Repeat step 37 to oxygen etch in barrel etcher. 




a. Use Cr target. If on RF source then you will again light the main chamber first. 
b. Approx. rates for 110 nm of Cr deposition are 225 W for 16 min. DC or RF target 
will affect the rate substantially. Use recently measured value to determine rate. 
c. Lift-off in 60°C 1165 should only take 15min. Rinse and clean with step 58. 
Uncover Pillar Tops by Photolithography 
76. Set Laurell spinner to program with the following parameters: 500 RPM for 8 s with 
Acl=1, 2000 RPM for 45 s with Acl=1, 500 RPM for 5 s with Acl=3.  
77. Set up SUSS MA6 mask aligner according to step 2. Set to ‘Flood’ and ‘1.3s’. 
78. Center substrate then press vacuum. Ensure vacuum level approximately 20. 
79. Apply photoresist S1805 to entire sample surface, close lid, and then start the spin. 
80. Remove the sample and softbake at 110°C for 3 min. Let cool for 1 min. 
81. Expose sample in Flood Exposure mode for 1.3 s. 
82. Post-exposure bake the sample at 120°C for 1min. Let cool for 1 min. 
83. Develop in MF319 for 25 s. 
84. Immediately rinse in DI-H2O and then dry with N2. 
85. Use JOEL JSM-7001F SEM with 15 kV and probe current 2 to image pillar tops to 
ensure appropriate uncovering. Resist will remain permanently in regions imaged. 
Pillar Decapitation 
86. Label and pour glass containers of Chromium Etchant 1020, H2O and Transetch-N. 
87. Submerge and swish sample in Chromium Etchant 1020 for 105 s. 
88. Rinse immediately in H2O and dry with N2 gas.  
89. Use SEM to image one sample after each etch step to ensure removal from pillar tops. 
90. Insert samples into Transetch-N for predetermine amount of time used in step 70. 
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91. Rinse samples in H2O and dry with N2 gas. Image with SEM. 
92. Repeat step 87-91 to lower the outer Cr and Al2O3 further, creating the extended core. 
93. Thoroughly rinse and clean the resist from each sample with acetone, then IPA, then 
H2O, then by drying with N2 gas.  
94. Securely store the samples in carrying cases for transportation and testing. 
The final chip with 7 separate sensing regions is shown in Figure 22 below. 
 
 
Figure 22. Picture of a 16 mm x 30 mm final sample with 7 sensing regions. Inset 
image is a x100 magnification of an individual sensing region, showing the leads for the 





ECC arrays were first tested for electrical integrity using a 6512 Electrometer (Keithley 
Instruments, Cleveland, OH). Resistance between the working and counter electrodes 
was measured, and any array with a resistance less than 106 Ω was considered electrically 
shorted and not used for further characterization. A scanning electron microscope (SEM, 
JOEL 7001F, Peabody, MA) was used to collect structure images, while another SEM 
(JEOL JCM 6000, Peabody, MA) was used for energy-dispersive x-ray (EDX) analysis to 
confirm that the nanostructure was composed of Si, Au, Al2O3 and Cr. Initial sensing 
capabilities of ECCs were assessed by differential pulse voltammetry (DPV) using a 
potentiostat (Gamry Instruments Interface 1000, Warminster, PA). The gold core 
functioned as the working electrode (WE), while the chrome shield was the counter 
electrode (CE). An external Pt wire served as the reference electrode (RE). The current 
vs. applied potential of the redox species FCA was measured, where the oxidation of 1 
mM FCA in PBS (pH 7.4) is used as a benchmark assay for electrochemical performance. 
FCA is a commonly-used redox species in electrochemical sensing, which has been 
highly characterized (Stepnika, 2008).  A potential range from 0 mV to 500 mV was used 
in order to encompass the FCA redox potential at 300 mV. The potential step was 2 mV, 
the pulse amplitude was 50 mV, the pulse width was 50 ms, the pulse period was 100 ms, 






Since fabrication requires multiple steps of photolithography it was necessary to first 
produce Cr photomasks. Former iterations of photomasks were purchased through 
outside companies, most commonly Advance Reproductions Corporation. I designed the 
needed photomasks using the software L-Edit, as shown in the overlay images of the 2 




Figure 23. Print out of L-Edit layout file. Shown is a 2×4 array of chips designed for a 
5” photomask, to be used in photolithography on a 4” wafer. Zoomed image is of a 16 
mm x 30 mm chip with 7 separate sensing regions with both inner and outer metal layers 





A schematic of the fabrication process is shown in Figure 24. The nanostructures were 
fabricated on a hexagonal array of conical Si pillars with base diameter 400 nm, top 
diameter 200 nm, and pitch 1.3 μm (Figure 24a).  
 
 
Figure 24. Cross-sectional tilted schematic of ECC process steps. This yields coaxial 
nanopillar arrays with extended inner cores. (a) Si pillar array. (b) Sputtered Au preceded 
by 10 nm Ti adhesion layer. (c) ALD-deposited Al2O3. (d) Sputtered Cr. (e) Spin coated 
photoresist. (f) Developed resist after a short UV exposure uncovering topmost region of 
pillars. (g) Wet chemical etched Cr and Al2O3. (h) Further wet etched Cr and Al2O3. (i) 




Onto these pillars was sputter-deposited a photolithographically-patterned, 10 nm-thick 
Ti adhesion layer followed by a 100 nm-thick Au layer. This TiAu layer forms 
macroscopic contact pads (not shown) and what will become the cores of the coaxes, the 
latter also functioning as electrochemical working electrodes (Figure 24b). Next, annuli 
of the coaxial structures were formed by depositing a 150 nm thick insulating layer of 
Al2O3 by atomic layer deposition (ALD) (Figure 24c). The Al2O3 was removed by wet 
etching with phosphoric acid (Transetch-N) from the regions above the macroscopic gold 
contacts in order to enable electrical contact, though the Al2O3 is unchanged in the pillar 
regions. Next, a photolithographically-patterned 110 nm-thick Cr layer was deposited by 
sputtering in order to form additional macroscopic contacts (not shown) and what will 
become the coax shields that will function as the electrochemical counter electrodes 
(Figure 24d). Positive tone photoresist S1805 was then applied by spin coating at 2,000 
rpm for 45 s and soft-baked for 3 min at 110°C on a hotplate (Figure 24e). The thickness 
of the resist in the planar regions was approximately 150 nm less than the pillar heights, 
and the resist formed a very thin layer on top of the pillar tops. A short 1.3 s UV flood 
exposure of the resist provided a dose sufficient to expose only the region at the pillar 
tops. Upon development in MF-319, the pillar tops became uncovered (Figure 24f). 
Etching in nitric acid / ceric ammonium nitrate (chromium etchant 1020) removed the 
topmost Cr region. Subsequent etching in phosphoric acid (Transetch-N) removed the 
topmost Al2O3 region (Figure 24g). The Cr and Al2O3 etch processes were repeated to 
further expose the inner Au electrode (Figure 24h). This 2nd etch step results in the inner 
Au extending above the concentric Cr and Al2O3 layers, and the structure is thusly named 
the extended core coax (ECC). The samples were rinsed with acetone, isopropanol, and 
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deionized H2O before drying with N2 gas after each photolithographic step, including 
producing the final structure (Figure 24i). In order to promote adhesion, each of the Au, 
Cr, and Al2O3 deposition steps was preceded by treatment in an O2 plasma at 400 W, 270 
mTorr, and 50 SCCM O2 flowrate for 1 min (PVA Tepla PS-210). Each sample is 
fabricated on a 16 mm x 30 mm Si substrate with 7 spatially and electrically separate 
regions comprised of arrays of ECCs.  
SEM images of the structure at different steps of the fabrication process are shown in 
Figure 25a-f. Figure 25g shows the final ECC structure at x5 lower magnification than in 
Figure 25f, while Figure 25h shows a x150 lower magnification view of the final 






Figure 25. Tilted SEMs of ECC at different stages and magnifications. (a) Si pillar 
array. (b) Sputtered Au preceded by 10 nm Ti adhesion layer. (c) After ALD Al2O3 and 
sputtered Cr. (d) Spin coated, exposed and developed photoresist uncovering topmost 
region of pillars. (e) After wet chemical etched Cr and Al2O3 with resist removed. (f-h) 
After 2nd wet etched Cr and Al2O3 with resist removed at different magnifications.  Scale 
bar in (a) is 1 µm for images (a-f), 5 µm for (g), and 150 µm (h). Tilt is 30° 
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Our work was motivated by an earlier generation nanocoax device that was capable of 
CTX detection via electrochemical ELISA using an off-chip strategy (Archibald et al., 
2015). In that work, all steps of the ELISA were performed in a standard 96-well 
microtiter plate, with only the electrochemical detection carried out on the nanocoax 
array. The arrangement of the nanoscale gap between the working and counter electrodes 
precluded liquid exchange, preventing fully on-chip detection (i.e. the tethering of all 
sensing components to a chip surface).  
To overcome this limitation, the gold core of the nanocoax reported herein is extended 
above the chrome shield, resulting in the ECC as described above. This retains the 
benefits of the coaxial architecture, with its nanoscale proximity of the WE and CE and 
also allows for facile reagent exchange. It also creates an unobstructed WE gold surface, 
which introduces the possibility for biofunctionalization.  
In developing the ECC architecture, a set of fabrication parameters was identified to 
provide superior performance in response to FCA oxidation relative to that in a 
previously reported nanocoaxial sensor (Rizal et al., 2013).  One focus was the size of the 
annulus gap, which is the dielectric layer between the WE and CE. In order to function as 
a nanogap electrode and allow for high sensitivity, as gauged by the current response 
during electrochemical oxidation, the WE and CE must be in nanoscale proximity. 
Previous non-ECC iterations fabricated with sub-100 nm annulus gaps experienced 
inconsistent liquid exchange in washing steps, and also experienced relatively lower 
manufacturing yield, possibly associated with electrical shorting caused by the size of the 
gap. Because of a necessity to be able to wash the chips between reagent incubation 
steps, as well as a desire for higher manufacturing yield, an annulus gap of 150 nm was 
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used for all ECC chips. Al2O3 thicknesses above 150 nm were not used in order to 
maintain the nanogap electrode proximity. The 100 nm thickness of the Au and Cr layers 
was chosen to be thick enough for sufficient conductivity for these electrodes, while thin 
enough to maintain the aspect ratio in the pillar geometry. 
We further explored a number of modifications at several steps in fabrication parameters 
in order to develop the final protocol shown in Figure 24 and Figure 25. For example, we 
explored fabricating devices on several different-shaped silicon arrays (Figure 26), and 
identified a core electrode shape that provided both a high level of reproducibility and a 






Figure 26. Different types of Si pillar arrays evaluated. FCA electrochemical results, 
in addition to the availability of chips, dictated the shape used for final testing. Slightly 
conical-shaped Si pillars (a) were chosen for further work. Sharp (b), cylindrical (c), and 
high-aspect ratio (d) pillars did not provide sufficient electrical and electrochemical 
consistency for further use. Scale bar inset is 1 μm for (a-c) and 2 μm for (d). SEM 
images taken at 30o tilt. Si substrates were imaged with a layer of Au deposited in order 
to reduce image distortion due to charge accumulation. 
 
 
We next focused on modifications to the etching steps involved in forming the extended 
core (Figure 25e and f). The etch rates and selectivity of common materials, including 
those incorporated into these structures, are reported by the etchant’s producing company 
and are well studied (Williams et al., 2003). The effects of all changes were gauged by 
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FCA redox performance and compared against the non-ECC devices and planar Au 
electrodes, in order to maximize sensitivity. Computer simulations performed in 
COMSOL Multiphysics were used to inform design changes. As an example, Figure 27a 
and 20b show the normalized electric field distribution corresponding to different shield 
heights for the nanocoax. The greater penetration of the Au WE into the high electric 
field region suggested that extended core configurations would facilitate higher current 
response and device sensitivity, which was corroborated by FCA (1 mM) redox data 
(Figure 27c). Based on these findings, we finalized our ECC architecture as a chip 
containing 7 individually addressed sensing arrays, each array comprised of ~30,000 




Figure 27. High shield and low shield comparison. Cross-sectional view of geometry 
with overlaid simulated electric field norm for 1 V applied to coaxial terminals for the (a) 
high shield configuration and (b) the low shield configuration (simulated in COMSOL). 
Inset linear color scale ranges from 0 V/m (blue) to 2x105 V/m (red) and inset white scale 
bar is 1 µm. (c) DPV current response of oxidizing 1 mM FCA comparing the two shield 
configurations (3 runs each) shows that the electric field distribution of the low shield 
results in a 4x relative increase in the current response, a metric of sensitivity.  
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2.2.4 FCA Testing. 
 
As described above in the section Characterization 2.2.2, we used the current density of 
oxidizing FCA in differential pulse voltammetry as a metric for testing device 
performance and viability. Test and individual chip took about an hour and one was able 
to obtain multiple runs on one of all of the 7 separate sensing regions. In order to add the 
1mM FCA above the sensing region desired to be tested a liquid well has to be made for 
regions that would be tested. At the onset of the project, these well were made by using 
an adhesion to bind a hand-positioned well to the region above the well desired to be 
tested. This was a tedious, serial and messy process that often lead to loss of throughput 
due to damaging devices and concerns over testing consistency due to non-uniformity of 
well positioning. To solve this problem, I created a re-useable well system and sample 
holder than facilitate quick, consistent and safe sample testing and was also used in later 




Figure 28. ECC sample in base of reusable well apparatus. (a) The electronics 
interface and bottom of reusable well inset with o-rings and (b) assembled well and 




This well allows one to place the 16 mm x 30 mm sample into a precise recess that then 
allows the reusable 7 well inset to position in the same way when inserted into another 
corresponding recess. This inset also has holes for the electronics border to pass through 
and make contact with the sample contact pads. This all locks together with 4 flexible 
fasteners that apply a uniform pressure on the 7 o-rings that form the well seals. The 
electronics board, previously designed by Dr. Michael Burns, allows easy switching 
between the 7 separate sensing regions on a given chip. 
The measured electrochemical current in response to 1 mM FCA oxidation of these 
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arrays demonstrated a high level of experimental reproducibility i.e., ~9% variation in 
peak current over 9 consecutive measurements (Figure 29b). This consistency was not 
achievable on previous nanocoaxes, which exhibited a drop in peak FCA oxidation 
current in each subsequent run until finally stabilizing at a significantly lower current 
(likely because of liquid exchange issues) (Figure 29a). Variation in peak current 
between independently fabricated ECCs is larger than that in repeated measurements on 





Figure 29. ECC current density comparison. Measured current density of (a) non-ECC 
and (b) ECC arrays for multiple repeated runs on the same region. The peak current 
density for non-ECC drops off quickly for subsequent runs, whereas for ECC, it shows 
high repeatability over 9 runs. Note the different axis ranges used. (c) Peak current and 




It should be noted that this variation does not affect an individual region’s viability and 
that the important metric for detection is a region’s response to 4-AP redox, which falls in 
the nA range. Thus, to overcome any potential issues resulting from the variability of 
individually fabricated chips, a baseline of 1 μA current in response to FCA oxidation 
was established to be the minimum acceptable performance. This corresponds to ~20 
μA/mm2 current density, which is also comparable to that used for the non-ECC 
(Archibald et al., 2015).   
Figure 30a shows a comparison of the peak current density achieved on 3 sensing 
platforms: a simple planar electrode, the non-ECC, and the ECC nanocoax. It is apparent 
from the results that the ECC represents a significant improvement over its predecessor, 




Figure 30. Electrochemical comparisons of the ECC vs. planar and non-ECC. (a) 
The average detected current density of the oxidation of 1 mM FCA for a representative 
ECC array, a non-ECC array and a planar gold electrode. (b) Current as a function of 
applied potential for electrochemical ELISAs performed off-chip for CTX concentrations 
ranging from 100 pg/ml to 10 μg/ml, analyzed on the ECC. All measurements were made 
on the same ECC array to minimize variability. (c) Peak ELISA current density as a 
function of CTX concentration, measured on an ECC chip and a non-ECC chip, showing 
both increased response and lower limit-of-detection for the ECC configuration. All error 
bars represent the standard deviation of 3 trials. 
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The increase in current density, which nanocoax architectures exhibit over planar 
electrodes, may be explained by the phenomenon of redox cycling. Redox cycling occurs 
between nanogap electrodes, where a species is oxidized at the WE, then reduced at the 
proximate CE, where it can then rapidly diffuse back to the proximate WE to be oxidized 
again (Wolfrum et al., 2016; White and McKelvey, 2018). Improvement in signal can be 
obtained by decreasing the size of the annulus gap that, in turn, may allow for faster 
redox cycling (Rizal et al., 2013), though eliminating electrical shorting for sub-100 nm 
annuli needs to be addressed. A simple planar gold electrode with millimeter-to-
centimeter scale distances between electrodes cannot match the sensitivity because this 
cycling does not occur, and thus sensitivity is dominated by the rate of reagent diffusion 
to the electrode surface. 
 
2.3 Electrochemical Sensing 
2.3.2 Off-Chip ELISA Results. 
After fabrication optimization and confirmation of electrochemical function, ECCs were 
evaluated for their biosensing capabilities and compared to the non-ECC version.  Non-
ECCs had previously been used to detect CTX in an off-chip setup; in other words, all 
ELISA steps were performed in a 96 well microtiter plate and only the final redox 
product was applied to the chip surface for detection.  As a baseline for comparison of the 
non-ECC and the ECC as biosensors, an off-chip electrochemical ELISA was performed. 
CTX was chosen as the biomarker of interest due to its clinical relevance and overall 
stability. The off-chip ELISA was performed identically on the ECC and non-ECC, and 
in turn was identical to a standard optical ELISA, with the exception of the readout. For 
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the electrochemical ELISA, pAPP was added as the enzymatic substrate as opposed to 
Bluephos for the optical readout. The current response of the ECC off-chip ELISA 
(Figure 30b) was superior to that of the non-ECC (100 pg/ml vs. 2 ng/ml). The ECC 
demonstrated a linear sensitivity range between 0.1-100 ng/ml. An optical ELISA 
utilizing the same antibodies was capable of detecting as low as 1 ng/ml of CTX, 
meaning the ECC outperformed this clinical standard. However, the ECC holds the 
potential to be functionalized (as will be discussed in section 2.4.1), allowing for all 
detection steps to be performed on a miniaturized platform, making it a more portable 
and lower-cost alternative to an optical ELISA. This is because the nanocoax device 
achieves its sensitivity while requiring significantly less analyte (as little as 10-5 as much) 
compared to macroscopic optical ELISAs, lowering the cost per assay. When current 
density was taken into account, the ECC vastly outperformed the non-ECC, as the ECC 
sensing area was significantly smaller than that of the non-ECC (0.049 mm2 vs. 1.8 mm2) 
(Figure 30c).  
 
2.4 Biomolecular Sensing 
 
2.4.1 Functionalization and blocking 
The final details of the functionalization protocol are described above in section 2.1.5 
under On-chip ELISA. A summary of the protocol steps is shown in Figure 31 below with 




Figure 31. Schematic of on-chip functionalization and detection scheme. 
 
 
Ideal process (wash between each step) 
1. Bind thiolated Protein-G to Au 
• Thiol groups interact with gold to create a S-S bond, which is covalent and thus 
strong enough to withstand rigorous washing. Anything bound by a lesser strength 
interaction (like hydrogen boding or Van der Waals, will be washed away) 
2. Bind constant region of the 1st antibody to Protein-G 
• Protein G is a protein found in bacteria, whose sole purpose in life is to bind to 
antibodies. Specifically, it will only bind to the constant region of 
Immunoglobulin type G antibodies. 
3. Block remaining surfaces with protein to prevent non-specific binding. 
• For this, we use a random cocktail of protein that should not interact with our 
ELISA. This is done because Antibodies are notoriously “sticky”, and if they have 
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to opportunity to stick to the well, they will. The blocking agent we use is 5% 
Bovine Serum Albumin (BSA).  
4. Bind CTX to variable region of 1st antibody 
• The first antibody has been raised to recognize CTX at its variable region. This 
will tether CTX at the gold surface. This step completes the “capture” part of the 
ELISA. 
5. Bind variable region of 2nd antibody to CTX 
• The second antibody is also raised against CTX, but was produced in another 
animal (mouse, rather than rabbit). This is important for eliminating nonspecific 
antibody interactions. This is the first step of the “detection” part of the ELISA 
6. Bind 3rd antibody variable region to 2nd antibody constant region. 3rd antibody is 
already conjugated to ALP enzyme 
• 3rd antibody has been raised against the 2nd antibody, and should only recognize it. 
There should be no nonspecific interactions with any other component. 
7. Introduce 1mM solution of pAPP 
• pAPP stands for para-aminophenyl phosphate  
8. ALP enzyme catalyzes the formation of 4AP from pAPP 
• ALP stands for alkaline phosphatase. In biology, if you see the ending “ase”, that 
tells you you’re dealing with an enzyme. In this case, the ALP is catalyzing a 
reaction with the phosphate from pAPP. To produce 4-aminophenol. Hence the 
name “phosphatASE”. It has broken down the phosphate group 





2.4.2 On-Chip ELISA Results 
 
Protein G was utilized to facilitate antibody tethering to the ECC surface. This is a 
bacterially-derived protein with a high affinity and specificity for the Fc region of IgGs 
(Björck and Kronvall, 1984; Sjöbring et al., 1991). For the purposes herein, it was 
modified with a thiol group, in order to also facilitate binding with a gold surface (Pensa 
et al., 2012). We first obtained visual (SEM) proof-of-concept of tethering by conjugating 
a 40 nm gold nanoparticle to our tertiary ELISA antibody (Figure 32). By comparing 
these images to control group without preceding antibodies in the assay, we can confirm 
the specific binding of the tertiary antibody and the specific location of binding, which is 





Figure 32. SEM images of the extended core nanocoax. SEMs of two separate arrays 
on the same ECC chip, (a) one incubated without protein G (- Protein G), and (b) one 
with protein G (+ Protein G), both prior to AuNP-conjugated antibody application. 
Corresponding 30° tilted views are shown in (c) and (d), respectively. AuNPs of ~40 nm 
diameter are visible around the extended cores of the test array (+ Protein G), but not the 
control array (-Protein G). Inset of (d) is 3x zoom with false color of AuNPs. Note that a 
particular iteration of ECC was utilized in this study, expected to be representative of the 
behavior of all ECC chips. Inset scale bar is 1µm in length. 
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This confirmation of biofunctionalization of the gold core of the ECC with an IgG is the 
key functional modification to previous generations of ECCs, necessary for meeting 
objects of POC applications. We next sought to complete a full on-chip ELISA on the 
ECC. Our results demonstrate on-chip detection of CTX by an ECC functionalized with 
protein G (Figure 33).  
 
 
Figure 33. Current response as a function of applied voltage. Shown for ECCs in on-
chip detection of CTX, using protein G to tether antibodies to the sensor surface. Shown 
are one trial for each condition of 500 ng/ml (red, solid) and 100 ng/ml (blue, dash) 
concentrations alongside a control sample with no CTX (green).  Each trial was 
performed on a separate array on the same ECC chip. Data were subtracted to a baseline 
at -200 mV to better show peak current. Deviations from -100 mV for the 4-AP oxidation 
peak are likely due to the use of a pseudo-reference electrode. 
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2.5 Discussion and Future Works 
 
2.5.1 Comparison to Previous Structures. 
As both nanocoaxial architectures contain nanogap electrodes, the increase in current 
density that the ECC exhibits over the non-ECC may be explained by the ease of liquid 
exchange. In order to interact with the WE it will be necessary for liquid reagents to 
diffuse into the annulus gap of the non-extended core nanocoax. In actuality, high surface 
tension and morphology-induced hydrophobicity caused by the size of the gap hindered 
this, and additionally made it difficult to wash the chip surface for further reagent 
application. By contrast, the ECC WE extends into the solution and so it may be easier 
for FCA and 4-AP molecules to move from the bulk solution to the electrode surface to 
be oxidized. 
As it stands, however, the current device is competitive with nanogap devices reported in 
literature (Figure 34). Once full on-chip capabilities are confirmed, the ECC will 
represent a promising alternative to simpler, planar nanogap-style electrodes because of 
the increase in functionalizable surface area resulting from the number of coaxes in each 
array, and their 3D architecture. We also believe that the protein G biofunctionalization 
assay represents a much simpler method of antibody tethering than those frequently used 
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Another important feature of the ECC is its amenability to repeated use. The non-ECC 
chips exhibited signal degradation over the course of several uses. Conversely, ECC 
chips maintained signal integrity with less than 10% change in response over 9 runs, 
suggesting that the ECCs are relatively stable structures. Taken together, these data 
confirm that the ECC represents a significant improvement over the non-ECC 
architecture. However, while we have demonstrated the ECC’s capability of consistent 
repeated use for measurements that are solely chemical detection, e.g., in FCA and 4-AP 
tests, it is important to note that each ECC sensing region is currently used for a single 
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on-chip detection assay. The regeneration of biosensing devices has shown promise for 
enabling repeated use, thereby potentially reducing diagnostic costs, although only a third 
of reported electrochemical biosensor studies meet previously-reported criteria (Goode et 
al., 2015). To forgo this problem, we made 7 separate submillimeter size sensing regions 
on an individual sample, thereby achieving the same end-of-line benefit as sample 
regeneration. Furthermore, the number of sensing regions could be increased beyond 7, 
as each region is less than 0.1% of the active sample area.  
 
2.5.2 Future Works 
In order for the benefits of such a biosensing device to be relevant to diagnostic 
applications, it must be affordable in order to meet the demands of the resource-limited 
areas where diseases like cholera are most prevalent. Several aspects of the ECC facilitate 
this criterion. The photolithographic processes involved in patterning each layer are 
amenable to large wafer-scale throughput. The chemical wet etching processes are high-
throughput, while the chemicals are inexpensive and can be reused for extended periods, 
given the nanoscopic amount of material etched. Multiple sensing regions on a given 
chip, as previously discussed, can further reduce a sample’s cost per test. Si pillar arrays 
used herein can be easily and inexpensively replicated in polymer (e.g. SU8) by 
nanoimprint lithography (NIL). As an electrochemical sensor, detection using an ECC is 
performed with equipment that is less expensive than that used in standard optical 
ELISA. As such, further reduction of electrochemical equipment cost is possible by 
incorporation of inexpensive microcontroller units such as Arduino. 
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We have demonstrated that an extended core nanocoax is capable of sensitive and 
repeatable detection of a target antigen in an off-chip setup with a detection limit of 100 
pg/ml, with preliminary data suggesting it possesses utility as an on-chip electrochemical 
biosensor. We have demonstrated that the ECC architecture is a viable and promising 
alternative to the non-ECC nanocoax architecture. Future directions may include 
examining more coax core pillar shapes to further improve device sensitivity. We have 
demonstrated that the ECC fabrication is comprised of processes and chemicals that are 
suitable for high-throughput, and future works will target these advantages in order to 
further decrease the cost per sample. Future works will also include the fabrication of a 
more sophisticated chip housing that incorporates microfluidics and a portable analysis 
system in order to enable the ECC’s use for POC detection of infectious disease 
biomarkers, offering the potential to meet the diagnostic needs of resource-limited areas. 
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3. Plasmonic Halo Sensor 
3.1 Plasmonics 
3.1.1 Introduction 
In order to understand how plasmonic devices can be suitable for biosensing applications, 
it is important to first emphasize key attributes of surface plasmons. Derivations for the 
simplest case of a planar interface of a metal and dielectric can be found in many other 
texts and one such is succinctly given in Chapter 2 of the book Plasmonics: 
Fundamentals and Applications by Maier. Here I will list four main points: 
i) The confined surface plasmon waves can exist only at interfaces between a 
conductor and an insulator.  
ii) Surface plasmon polaritons only exist for TM polarization. That is, only TM 
polarized light (with E-field in the plane of incidence) can scatter energy in to 
surface plasmons. 
iii) The dispersion relation is dependent on the materials that make up the 
interface. 
iv) The solutions are propagating waves along the metal-dielectric interface that 
decay exponentially away from the surface, i.e. they are highest at the surface. 
It is common to plot the plasmon dispersion relation listed in iii), highlighting the 




Figure 35. Plasmon dispersion relation for Ag. Shown for a lossless planar interface of 
Ag and air, showing the surface and bulk plasmon modes and the light line as a function 




What this dispersion relation means is that for a given energy, corresponding to a certain 
frequency of incident light, the surface plasmon will have a certain wavenumber. In order 
to couple the light into the plasmon, the wavenumber needs to be matched for that 
frequency. One way of doing this is discussed in section 3.2.1 where the angle of incident 
light is changed thereby changing the in-plane projected component of the wavenumber 
of the incident light. Since the dispersion relation is dependent on the materials, one can 
measure how the ‘wavenumber needs to be matched’ for the different materials and then 
use those differences to say something about the material properties, such as the 
permittivity of the dielectric material. Most related to biosensing detection mechanisms, 
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the difference in wavenumbers is used as an indication of presence or amount of a 
targeted material. Regarding point iv), how much the matched wavenumber will change 
for different of materials will be most significantly influenced by material changes in the 
regions where electric fields are the highest, i.e. closest to the surface. This exponential 
field decay and distribution of field for a surface plasmon are shown in Figure 36.   
 
 
Figure 36. Schematic of SPP at interface. Incident light coupling to a surface plasmon 
at a metal-dielectric interface. Continuity conditions of magnetic field and electric field at 
the boundary from within each material are listed. Adapted from image by Anil Thilsted. 
 
 
Commonly used biofunctionalization protocols are such that they capture targeted 
materials at those surfaces that most significantly influence the change in plasmon 
wavenumber. This efficiency in how a small amount of material can be localized to the 
region where it has the greatest impact on the detection mechanism is one of the main 
reasons plasmonic-based biosensing devices have demonstrated such promising use. 
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The field of research and development of plasmonic-based biosensing devices has 
received great attention and growth due in part to the promising inherent features 
discussed above (Mejía-Salazar et al., 2018; Hill et al., 2015; Chung et al., 2011; Anker 
et al., 2008). This recent growth is also largely due to the continued advancement and 
availability of the micro- and nanoscale tools, techniques and education that many 
devices incorporate.  Figure 37 below shows this recent growing interest as an increasing 
number of publications under the search result ‘Plasmonic Biosensor’ as well as it’s 
increasing fraction of all publications (Dimensions et al). 
 
 
Figure 37. Plot of the number of publications vs. year. Results shown are for the query 
‘Plasmonic Biosensor’. The second y-axis shows the fraction of all indexed publications. 
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Despite the growing body of research, there remain unmet needs for sensitive detection of 
diseases and biomarkers suited to these devices. Eventually, design solutions need to 
address limitations of current devices and tools that extend beyond their technical 
capabilities, including their size, cost and ease of use. In this chapter I will describe our 
progress towards and challenges in the development of a biosensing device based on a 
plasmonic structure previously reported by our group.  
 
 
3.1.2 Previous Works 
In 2012, the plasmonic-halo was introduced (Ye et al., 2012). This work reported a 
resonant plasmonic structure that supported optical surface drumhead modes and 






Figure 38. Structural and optical properties of the step-gap plasmonic circular 
cavity. (a) Top-view SEM image of a circular cavity. (b) 45 degree tilted cross-section 
SEM image of circular cavity taken in region indicated by dashed line in part a, 
highlighting the “step gap” region. (c) Optical images of transmission through circular 
cavity structures with different radii and electron-beam writing dosages, showing color 
tunability. (d) Cross-section view of the schematic design of the circular cavity, with red 
arrows indicating illumination direction. Scale bars: (a) 1 μm, (b) horizontal and vertical 
500 nm, (c) 4 μm. Caption as in text (Ye et al., 2012). 
 
 
This modulation of the transmitted light was tailorable through the parameters as listed in 
Figure 38d. Consequently, appropriate adjustment of different parameters, most notably 
the radius of the circular recession, would result in readily observable variation to the 
color of the far-field light, as can be seen in Figure 38c. These cavity modes were 
interpreted as separable solutions to the wave equation, where the radial component of 
the solutions are Bessel functions of the first kind. These cavity modes were first imaged 
using Near-field Scanning Optical Microscopy to show the distribution of enhanced 
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electric fields in the cavity that are characteristic of the SPP. In a later work, the far-field 
appearance of the modes was studied for light transmitted in forward and reverse 
orientation with optical resolution limits considered (Ye et al., 2014). As the last line of 
the first plasmonic halo paper, Ye et al. proposed that these plasmonic structures could be 
applied in biosensing applications: 
Such plasmonic devices can also be envisioned as useful in biosensing, wherein far field 
transmission is perturbed by interaction of the SPP with biomolecules (proteins, 
antibodies, etc.) immobilized on the drumhead surface.  
It was later observed by Dr. Juan Merlo (research scientist of the Naughton Lab) that a 
potential significant increase in plasmon-mediated transmitted light was possible by 
structure the circular cavity such that they include multiple concentric trenches as shown 
in Figure 39. 
 
 
Figure 39. Concentric ring Fresnel structure. Imaged are those investigated (Dr. Juan 
Merlo) as an extension of the plasmonic halo. (a) Transmitted light with back-side 
incident white light, (b) 30° tilted SEM image of the EBL written structure and (c) 
present transmittance spectra.  
69 
 
This Fresnel lens structure showed promising characteristics compared to the halo 
structure, particularly a substantially higher transmittance while maintaining apparent 
plasmon-mediate filtering of the transmitted light spectrum. As previously discussed, the 
probable cause of this difference is the fact that the electric field of a surface plasmon 
exponentially decreases away from the surface and the Fresnel structure has relatively 
smaller gaps. Additionally, the gaps of the Fresnel structure make up a larger fraction of 
the projected surface area being illuminated.   
 
3.2 Equipment and Experimental Setup 
 
3.2.1 BioNavis SPR System 
 
 
Figure 40. BioNavis SPR system. (a) Image of Navi 200 SPR system, (b) close up view 
of the 12-port injection valve and flow cell and (c) the sample slide holder with Au-




As a part of this research we used a commercial SPR system, a BioNavis Navi200 
(Figure 40). This tool was important for two main reasons: 1) the development of 
biological assays and functionalization protocols and 2) the investigation and testing of 
plasmonic materials for device consideration. First, I will discuss the plasmonic 
phenomena on which this system works and then I will describe operating procedure for 
the system. 
The BioNavis Navi200 SPR system uses a plasmonic-based detection process based on 
the Kretschmann configuration (Figure 41), one of the most common ways of measuring 




Figure 41. Schematic of Kretschmann configuration. Monochromatic TM-polarized 
incident light through a prism and substrate onto a thin metal layer in for (a) off 
resonance and (b) on resonance incident angles. The intensity of total internally reflected 
light is measured as a function of incident angle. Figure from BioNavis, Ltd. 
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In this configuration the sample is illuminated from the backside with monochromatic 
TM polarized light and the intensity of light by total internal reflection (TOI) is measured 
as the incident angle is swept over a range. When the angle is such that the in-plane 
component of the wave-vector, kx, matches the wavenumber of the surface plasmon then 
the photon can sufficiently scatter energy into the surface plasmon, hybridizing to form 
the surface plasmon polariton. As the energy scatters into the SPP there is less energy to 
be reflected, and there is a subsequent attenuation in the intensity of reflected light. 




Figure 42. Intensity vs. angle for BioNavis SPR. Example data for DI-H2O as 
dielectric. The similarities in the system and sample successfully show nearly the same 




The thickness of the metal is large enough to contribute a sufficient amount of electrons 
to the SPP though small enough such that the penetration depth of the surface plasmon 
encompasses the entire film thickness, ideally around 50nm for Au films. Therefore, the 
interface between metal labeled ε2 and the dielectric labeled ε1 from Figure 41 will also 
influence the wavenumber of the surface plasmon. Specifically, larger ε1 will require 
larger wavenumber and therefore a larger angle from the normal to the plane of 
incidence. By injecting a solution into the region of ε1 with a higher index or by capturing 
a material to that interface the minimum will shift to the right in Figure 42 above. One 
can plot the change in the angle of the minimum intensity as a function of time in a plot 





Figure 43. Sensogram from experiment on Navi200 SPR system. Plot for SA-Thiol 
functionalized surface capturing biotin-IgG titration. Captured material was injected at 
t=3min and resulted in a positive shift in the angle of minimum intensity due to 
increasing the local dielectric permittivity at the Au surface.  
 
 
The features of the sensogram plot can give several aspects of information, such as the 
binding species, antigen concentration or presence, binding kinetics, binding strength and 
properties of the metal, which is most commonly gold due to its chemical stability. 
Due to the expense and turn-around of purchasing samples from BioNavis ($40/chip and 
1 week), I fabricated Au on glass chips for use with the Navi200 system. To do so, I 
started by cleaning a 4” soda-lime glass wafer with nominal thicknes 550 μm by 
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sonication in acetone, then in IPA followed by rinsing with H2O rinsing and drying with 
N2 gas. Next the wafer was barrel etched with oxygen for 1min at 550 W and 270mTorr 
pressure. Next the wafer was inserted in the AJA sputter depsotion system for deposition. 
Most of the samples made for the Navi200 system were nominally 47nm of Au preceded 
by nominally 3nm of an adhesion layer of Ti or Cr. As will be discussed in section 3.4.2, 
different materials were explored and their Navi200 metallic chips were produced in the 
same way. After deposition a layer of S1813 photoresist was spin-coated on the metal 
surface of the wafer and soft baked to protect the metal during the following wafer 
dicing. The wafer was mounted to the UV-tape and dicing mount and then a Disco 
DAD322 dicing saw was used to dice the wafer providing 24 whole 20mm x 12mm 
rectangular samples. The samples were removed from the UV-tape and cleaned in 
agitated acetone for 5min, then IPA for 1min, then H2O rinse and dried with N2 gas. They 
are then stored for use in the Navi200, as is shown in Figure 44 below. 
 




A sensogram is obtained by using the 12-port injection system on Navi200 (Figure 45) to 
inject a specified volume of solution into the region above the metal surface. 
 
 
Figure 45. BioNavis Navi200 12-port injection system. (a) The loading configuration 
and (b) the injection configuration. 
 
 
The key steps of the injection procedure are summarized below. For a detailed 
description of the measurement procedure and additional information, such as further 







SPR Navi 200 Quick List 
1) Load clean bare glass slide (12mm x 20mm x 0.55mm) into the slider holder. 
2) Insert slide holder into instrument and close the flow cell. Misaligned chip or holder 
may cause the sample to crack or possible damage the index matched prism. 
3) Turn dial on the face of the 12-port injection system to ‘load’. Place both tubes that 
lead to the peristaltic pump into the buffer solution and set the flow value to desired 
rate in Navi200 software (typically higher just for this prepping step, ~100μL/min).  
4) After a few minutes look to see if the waste tubing has liquid flowing out of it. If not 
then there may be a clog or possible a break in the system. Stop the flow and 
troubleshoot the problem. If there is flow, turn to the dial to ‘inject’ and wait a few 
minutes. 
5) Repeat going back between ‘load’ and ‘inject’ once more. 
6) Stop the flow and open the flow cell. Replace the bare glass slide with the metal 
coated glass slide with the metal side down. 
7) Insert the slide holder into the system such that the metal side of the sample is facing 
the flow cell (forward). Close the flow cell. 
8) Once the flow cell is closed, restart the flow and repeat flowing the buffer in both 
‘load’ and ‘inject’ configurations to eliminate any possible bubbles in either of the 
paths. Finish with flowing in the inject configuration. 
9) Use a syringe with a Hamilton blunt end G22 needle to inject the desired solution into 
the preferred injection port. Make sure bubbles have been flicked free from the 
solution within the syringe. Leave the syringe in the injection port until the 
experiment is over or until you return back to the load configuration from this 
77 
 
injection. To avoid bubbles here, draw the solution into the syringe slowly such that a 
low pressure environment and boiling within the syringe does not occur. 
10) Set up the experimental details in software and begin recording. Observing the 
sensogram while the experiment is in progress is recommended. 
11) After a few minutes of establishing a baseline quickly turn the injection dial from 
‘load’ to ‘inject’. The injection volume is 100μL. Given the flow rate, wait a few 
minutes after the injection volume has passed through the flow cell. 
12) Save the data, stop the experiment and stop the flow.  
13) Remove the metal sample and replace with bare glass sample for cleaning.  
14) In the load configuration restart the flow and flow couple milliliters of the following 
solutions through both pump lines and also both injection ports: H2O then IPA. 
Switch the injection dial back and forth a couple times in the process to catch any 
materials in between. 
15) With IPA throughout the system, removal the tubing leading to the peristaltic pump 
and flow air for several minutes. Also, use the syringe to push air through both 
injection ports, switch the injection dial a couple times to push all excess IPA out. 
16) Turn off the flow, open the flow cell, unload the glass slide, shutdown the software 







3.2.2 Leica Microscope and integrated equipment 
 
 




The Leica DM6000M microscope (Figure 46) was a key tool for the investigation of 
sample properties and running experiments towards achieving a plasmonic-based 
biosensor. As previously reported in the original halo work (Ye et al., 2012), the most 
common measurement configuration was to illuminate the sample from the bottom side 
and measure on the transmitted light (TL) axis. The transmitted light was collected by 
either a camera or spectrometer that both attached to the same port. A schematic 
summary of detection phenomena using modulation in transmitted light is shown in 
Figure 47 below. 
 
 
Figure 47. Schematic of transmitted light changes. Backside illuminated with white 
light for (a) the bare sample, (b) the sample after surface biofunctionalization with a 
capturing species, and (c) the sample after introduction and capture of targeted antigen. 




Biological and molecular species that are part of this capturing process will naturally 
have their own influence of transmitted light through typical absorption properties. The 
problem in detecting free antigens in a solution is two-fold; 1) the changes in transmitted 
intensities attributable to the targeted species are undetectably small, particularly for the 
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sub-nM concentrations characteristic of many biological species associated with harmful 
diseases and 2) practical antigens or virulence factors that are distinguishing signs of 
targeted pathogens have similar absorption characteristics due to their similar molecular 
makeup, thereby diminishing the ability for selective detection. The importance of the 
incorporation of the plasmonic-based structure is their ability to solve both limitations by 
providing a surface that can enhance the effect of small concentrations of targeted 
antigens and that this enhancement occurs at the device surface that can be functionalized 
to capture specific antigens. The capturing of biological species to the plasmonic surface 
does not necessitate that the enhanced electric nearfield increases the antigen’s absorption 
characteristic but rather that their presence simply modifies the physical properties at the 
material interface thereby causing a change in the in the dispersion properties at that 
interface.  
In order to quantify and most effectively analyze changes in transmitted light we record 
the spectral intensity as a function of wavelength and calculate the transmitted spectra at 
the different steps in the functionalization and capturing process. Two of the 





Figure 48. Spectrometers used for experiments. Ocean Optics Maya 2000PRO 
spectrometer (left) and an Ocean Optics USB2000 spectrometer (right). The 
spectrometers were used for recording different experiments’ spectra. 
 
 
One of the most important considerations for recording the transmitted light spectra is the 
ability to maintain a good signal-to-noise ratio. In doing so, one is capable of observing 
small changes in the transmitted light that are typical of capturing biologically relevant 
concentrations of targeted species. It was observed the USB2000 spectrometer had a 
relatively low sensitivity to the small transmission intensity characteristic of sample 
studied. This relatively low sign-to-noise raise made comparing features in the 
transmittance spectra difficult, especially in the 700nm -1000nm wavelength region. 
In order to address this issue, we used the much more sensitive Maya 2000Pro. In order 
to do so (and the reason that the Maya spectrometer was not used in the first place), I 
needed to address the issue of the saturation of spectrometer for the recording of the 
source spectrum, which was considerably larger than the peak sample intensity due not 
being attenuate by largely opaque planar regions of the samples. This was achieved in 
two different ways: 1) by using separate integration times and fractions of light sent to 
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the camera (half-camera/half-ocular) and then assuming the ratio of relative intensities 
was equal to the ratio of integration times, as is shown in Figure 58 of section 3.3.1. and 
2) by using a neutral density filter to attenuate the source spectra so that it would not 
saturate the detector and then by dividing by the measured attenuation factor of the 
neutral density filter (NDF) when calculating the transmittance, see Figure 59 of 3.3.1. In 
order to integrate the NDF and other optical filters (to be discussed in section 3.6.2) into 
the Leica component holders needed to be made. In addition to these parts, I designed a 
XY-stage insert that would allow easy and repeatable positioning of the square substrates 
that sample were typically made of and, more importantly, would allow the collimating 
lens to come up to the bottom of the inserted sample such that the its 1mm focal distance 
could be coplanar with the sample surface and objective lens focal plane. These Leica 
components, made in the machine shop on the Clausing Kondia milling machine, are 





Figure 49. Leica accessories made in the machine shop. Left is a sample holder that 
inserts into XY-stage. The 3 pieces on the left are holders for different optical 
components used in experiments. 
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Below is a collimated LED light source that was used in experiments with quantum dots 
as will be discussed in section 3.6.2. This light source could be connected to the dovetail 




Figure 50. Left is a Thorlabs M405LP1-C2 LED. Source with center-wavelength 
405nm and FWHM 12nm attached to a COP2-A collimating lens with Leica dovetail port 
adapter. Right is the corresponding Thorlabs LED drive for this light source. 
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3.2.3 Cleanroom Equipment 
Equipment used and already shown in chapter 2: 
- Karl SUSS MA6 Mask Aligner (Figure 9) 
- AJA International Sputter Deposition system (Figure 10) 
- PVA TePla PS210 Plasma Barrel Etcher (Figure 12) 
- JOEL JSM-7001F Scanning Electron Microscope (Figure 13) 
- Veeco Dektak 150 Profilometer (Figure 16) 
- Laurell Technologies WS-650-23B Spin Coater (Figure 17) 
 





Figure 52. JEOL JIB-4500 scanning electron microscope and focused ion beam. 
 
 



















The most common form of processing with spectral data was calculating transmittance 
spectra using Origin 2016. The raw data is recorded in the form of counts, where the 
counts for a given CCD-based spectrometer are linearly proportional to the number 
photons incident at that wavelength. Four spectra need to be collected to calculate the 
transmittance: 1) The counts of the sample region, 2) the dark counts for the sample 
region, 3) the counts of the source, and 4) the dark counts of the source, which can be the 
same as the dark counts for the sample if the integration times are the same. The Leica 
has the option to pass the light entirely to the oculars, entirely to the spectrometer, or half 
to each. If the source and sample are recorded with different fraction sent to the 
spectrometer then this factor needs to be included in the transmittance calculation. If the 
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integration times are different for the collected counts, then this also needs to be included 
in the transmittance calculation as the ratio of the integration times. It is also important 
that the dark counts corresponding to the source and sample each be taken at the same 
integration times as their respective spectra, because the background counts are different 
for different integration times (Figure 57).  When taking these recording conditions into 
account there will be multiple factors in the calculation of transmittance to correctly 
weight the different spectra. An example of a calculation of transmittance and the 
contributing factors is shown in Figure 58. 
 
 
Figure 57. Plot of the dark counts. Spectra recorded by the Maya2000Pro spectrometer 







Figure 58. Example transmittance calculation. Shown is a description of contributing 
terms for measurements taken at different integration times. 
 
As mentioned previously, one can also use a NDF to reduce the much higher intensities 
of the source measurements compared to the sample counts. There main reason that this 
would be desired, is in order to record the sample and source counts with the same 
integration time. It was observed that, despite the equipment advertising otherwise, the 
ratio of the integration time was not linearly proportional to the integrated counts and had 
different non-linearities for different wavelengths. 
In order to effectively convey the entire process of calculating the transmittance, I will 
first show the headers of the columns from the Origin file, I will describe what each 
column means, and then show the resulting plot data. Figure 59 below shows the headers 
and functions for columns A through N used to determine the transmittance of three 
separate sites for a given process. For completeness, optical images of these three regions 
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when illuminated by white light and corresponding SEMs are shown in Figure 60 and 




Figure 59. Origin spectra processing. Image of column headers of workbook used to 






Figure 60. Transmitted light and SEMS. Images from light upon white light 
illumination and corresponding tilted scanning electron micrographs for the three regions 





Figure 61. Example transmittance spectra. Spectra plotted for the three regions 
calculated in the Origin file referenced above. 
 
 
Column A from Figure 59 contains the wavelength values of the spectra, ranging from 
200.04 nm to 1111.08 nm at an interval of 0.47 nm to 0.42 nm (the gradually decreases). 
The near-optical wavelength range is characteristic of the Si-based CCD detector in the 
Maya 2000Pro. The transmittances are usually plotted for the wavelengths 400 nm to 
1000 nm as the signal to noise ratio decreases substantially outside of this window. 
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Column B from Figure 59 contains the dark spectrum of both the sample and the source, 
since the same integration times were used. The dark spectrum was collected by turning 
closing the shutter of the light-source and recording at the conditions otherwise. During 
all spectra collection an opaque screen is set around the sample to block outside light. 
Additionally, the main white lights of the room where turned off and dim red-pass-
filtered LED light where used as can be seen in Figure 62 below. 
 
 
Figure 62. Leica microscope room. Image of room with dim red lighting where 
measurement occurred, used to reduce background noise contributions. 
 
As shown in column C of Figure 59, the dark spectrum was then processed with a 
moving average function in order to reduce the effect of the higher frequency variations 





Figure 63. Moving average of dark counts. Recorded with (blue) and without (orange) 
average. 
 
Column D of Figure 59 contains the source spectrum with the NDF. The x, y and z 
positions of the stage are recorded during measurement with the sample and the source is 
recorded at this same position substituting a blank ITO glass for the sample. The primary 
source used was an incandescent bulb set to maximum intensity after passing through a 
diffusing lens and it is referred to as white light in this text.  
Column E of Figure 59 contains the NDF function that is its transmittance. In order to 
measure the transmittance of the neural density filter, transmittances were measure and 
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calculated for a few different optical setups and then averaged. Next a moving average 
was applied to this average spectrum and constant values were chosen for values lower 
than 400 nm and higher than 1000 nm, further invalidating the high-noise data in this 
region from evaluation. An image of the final NDF factor is shown in red in Figure 64 
below. While the NDF has somewhat neutral filtering for visible wavelengths, it is 




Figure 64. Transmittance spectrum of neutral density filter. (blue) averaged for 
different optical configurations. Moving average (red) of the transmittance and constant 




Column F from Figure 59 contains the calculation for the inversion of the NDF on the 
source. Since the NDF does not filter the dark spectrum (background of spectrometer), 
the dark spectrum first needs to be subtracted from the source spectrum before dividing 
by the NDF factor, obtaining the light source counts without the dark counts that would 
otherwise saturate the spectrometer. 
If the metal in the planar regions of the sample is not opaque to the extent that 
transmittance can assumed to be zero, which is usually desired, then the transmitted light 
through this region can accounted for. To do so, the transmitted counts for a planar region 
are measured and processed with a moving average, as can be seen in Figure 59 columns 
G and H, respectively. When one calculates transmittance, this planar region spectrum is 
subtracted from the measured counts rather than the background. 
Columns I, J and K of Figure 59 contain the transmitted counts for the three separate 
regions of interest, in this case they are arrays of structures with different sized 
geometries. Variations in these three spectra are the only sources of variations between 
their transmittances, which are calculated in columns L, M, and N, respectively. The 
equations for transmittance calculations are shown in the function row of each column, 
where each includes a factor of 100 in order to give a percentage transmittance.   
 
3.3.2 COMSOL 
Computer simulations were used to understand and motivate the changes to material and 
geometrical features. The power of using computer modeling for this purpose is that it 
allows us to explore a wide range of parameters, such as the radius discussed in the 
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original halo works, whereas fabrication on a similar scale would impractical or 
impossible.  The software used for simulations was COMSOL Multiphysics. COMSOL is 
a finite element solver software design for simulating problems in engineering, physics 
and chemistry. A detailed description of the niceties of COMSOL and the simulations 
explored would be extensive and beyond the scoop of this thesis, therefore this section 
will describe only a few of the simulations without describing the software itself. 
When beginning a simulation model with a new system or software, it is wise to 
beginning with the simplest model and then add in additional complexity to reach the 
model. For simulating the case of light transmitting through the plasmonic structures, the 
simplest case is a planar interface of materials. Figure 65 below is an image of the 





Figure 65. Electric Field Norm for planar interface. Simulation using the same 
materials used to make samples for experiments, with inset zoom of the metal interface. 
The color scale is from 0 V/m to 2×104 V/m. Window is 3 μm × 5 μm. 
 
 
The sample simulated above was one previously made on ITO-coated glass, with a spin 
coated layer of PMMA, and a sputter-deposited layer of CrAu. The transmittance of the 
incandescent white light source for this sample was measured for 2 different time 
integration setting and plotted alongside the results simulated in COMSOL, as shown in 




Figure 66. Plot of percent transmittance of a planar film. Measured spectra for CrAu 
on an ITO-coated glass substrate with spin-coated PMMA. Plotted are two 
experimentally measured spectra for the transmittance along with simulated transmittance 
for a COMSOL model.  
 
 
When developing a model, it is important to investigate how small changes to the model 
features affect the resulting solutions. Particularly, it is important to realize that a 
simulation capable to describing materials or geometries that are not feasible or realistic 
representations of the samples begin produced. As an example, models can be easily 
described to include idealistic structures such as perfectly right corners. These 
discontinuities in curvature can represent potential problems in solver the finite domain 
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boundary problems of the simulations, leading to discontinuities or other ‘computational 
artifacts’ in the results. Figure 67 below shows the transmittances for two nearly identical 
models of a plasmonic structure with and without smoothed edges that would be 
characteristic of an actual fabricated sample. Note the smoothing of corners in the model 
is able to eliminate a discontinuity in the transmittance at 1000 nm. 
Simulation artifacts can also be introduced through an insufficiently small mesh size. 
Mesh is the distribution of finite domains that the solver finds solutions for. Setting to 
small of a domain can limit the results of a simulation by causing abrupt changes and 
discontinuities in solutions. Smaller features sizes and physical phenomena require a 
smaller (finer) mesh. A common test that this criterion has been met is by decreasing the 
mesh size until the solutions stop changing, such as the distribution of electric fields. It is 
common to use different mesh sizes or shapes for different region in a simulation. 





Figure 67. Simulated transmittances for different edges. Simulations for concentric 
ring nanostructure with and without smoothing of sharp corners in the geometry. 
 
As another example, COMSOL was used to look at the relative effect of changes in metal 
thickness in vertically oriented regions of a structure. Different deposition tools and 
techniques will result in different aspect ratios of the vertically and horizontal 
thicknesses. This aspect ratio is also an important feature of structures towards increases 
transmitted light while necessitating that the light transmitted is mediated through surface 
plasmons, rather than just by reduced absorption. Figure 68 below plots the simulated 
transmittances for the same concentric ring nanostructure for different aspect ratios of 




Figure 68. Simulated transmittances for different sidewall. Simulations for a 
concentric ring nanostructure for two different sidewall thickness aspect ratios.  
 
These models hope to motivate combinations of materials and structural parameters for 
the incorporation in a sensing device. As such, we were interested in setting up 
simulations that would represent the types of changes that one might expect in a 
biosensing experiment. Using a metric for sensitivity defined in literation, discussed in 
section 3.5.2, we investigate how different models’ transmittances change when the index 
of refraction of the dielectric material changes, shown in Figure 69 below. There a 
simulation of a nanostructure is solved for a small change in the index of refraction, 
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Δn=0.01, and we look to see the wavelengths of minima and maxima in intensities, where 
larger changes in these wavelengths are defined to have higher sensitivities. 
 
 
Figure 69. Simulated transmittances for change of n. Simulations for concentric ring 
nanostructure for index of refraction at structure interface of n=1.33 and n=1.34. Inset 
zoom showing change in wavelength minimum.  
 
 
COMSOL is capable of calculating and plotting a wide variety of useful physical 
properties from the model’s solutions. The 2D and 3D plotted results can be useful 
visualization for interpreting the simulated results, such as locations of maxima and 
minima in transmitted light. One can observed distribution of fields and other properties 
as a way of identifying locations of plasmonic activity, and to motivate parameters for 
pursuing optimal design parameters. Figure 70 below is a 3D, cross-sectional, titled view 
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of one such simulation where the electromagnetic power-loss density is plotted for the 
metal region and the material domains are displayed for PMMA, ITO and glass 
incorporated in fabricated samples.  
 
 
Figure 70. Simulated electromagnetic power loss density. Image showing a 3D, cross-
sectional, titled view of concentric rings nanostructures with electromagnetic power-loss 
density plotted for the metal region and material domains. The grid is in µm, the scale is 




The Nano Pattern Generation System (NPGS) is used to perform electron beam 
lithography (EBL) in order to produce nanostructures used in this project, excepting those 
few produced by photolithography as is discussed in section 3.4.3. Use of the NPGS 
software consists of the following three steps: 1) Design the pattern, 2) Configure the 
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Run File, and 3) Process the Run File. For 1), NPGS integrates the software DesignCAD 
into the program with writing commands and features specific to the NPGS system. Since 
designing patterns can take a while to make and does not require the use of the SEM, one 
can download the NPGS software to an external computer and write the files at an 
external location, thereby avoiding the cost of the cleanroom’s hourly fee. One can use 
other CAD software to design the pattern and then translate it into DesignCAD, but there 
are several important details of patterns that need to be met in order to ensure that the file 
is processed in the same way as those written in NPGS’s version of DesignCAD. See 
additional files for instructions on translating patterns produced in L-Edit to NPGS 
useable patterns. 
 In step 2) Configure the Run File, you specify the pattern(s) to be written and the writing 
parameters to use. Since detailed description of the NPGS software are provided with the 
NPGS user manual, I shall only point out a selection of important parameters to consider 
and change for producing the structures contained in this thesis. For all run files the Non-
Stop Writing Mode option was changed to ‘Yes’. The patterns to written were then added 
as entity to the run file, including appropriate positioning of each pattern if there were 
multiple patterns in the run file. For all patterns the dose was changed to ‘area’ selection 
such that the dose provided was in units of µC/cm2. The dose value was then selected, 
with typical values ranging from 200 to 300 µC/cm2. It is common to start a fabrication 
process by first performing a dose test with desired sample and pattern. This allows one 
to varying the dose over several steps in order to determine optimal dose for the given 
sample and pattern. The dose corresponds to a dwell time that is listed and the measured 
beam current, which is measured with the ammeter connected to the SEM and enter into 
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the run file. When NPGS writes a pattern, it fills in the area to be written by snaking the 
beam location over the region to be exposed. The appropriate dose is delivered by using a 
beam blanker to pass the beam to the sample for a given amount of time at specific points 
along the snaked path and to blank the beam in between those points. The distance 
between those points is called the ‘Center-to-Center Distance’ in the NPGS software and 
needs to be specified. The distance between multiple snaked paths for a given region is 
called ‘Line Spacing’ in the NPGS software and also needs to be specified. Typically, the 
smaller these to values the more precisely a pattern can be written and so they are usually 
set to small distances under 10 nm. In a test to explore the effect of some of the NPGS 
parameters on the estimated write-time, the following was observed: 
- Increasing the Area Dose will linearly increase the estimated write time. 
- Increasing the Measured Beam Current will linearly decrease the estimated write time. 
- Increasing the Center-to-Center Distance will negligibly affect the estimated write time. 
- Increasing the Line Spacing will negligibly affect the estimated write time. 
 
3.4 Device Process Engineering 
 
3.4.1 Fresnel and Bullseye Structure 
Concentric ring plasmonic nanostructures mentioned in section 3.1.2 gained our interest 
for their significant increase in plasmon-mediated transmitted light compared to that 
observed in traditional halo structure. Despite the traditional halo structure’s ability to 
modulate optical transmission through controllable structural parameters, this relatively 
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low transmittance was problematic for obtaining good signal-to-noise measurements 
necessary for discerning the small changes in transmitted light that are commonly 
characteristic of SPR-based detection of antigen capture. The 6% maximum 
transmittance in the first report of the plasmonic halo without fill factor (Ye et al., 2012 
Supplementary information), accounts for a 0.03% maximum transmittance without 
appropriate normalization to account for opaque regions within the measurement. While 
this normalization is the most objective way of presenting the data, as it removes 
arbitrary features such as the halo pitch, it introduces artificial amplification of noise by 
the fill factor. While transmittance varies significantly within an individual array’s 
spectrum and between samples with different processing, the maximum transmittances of 
concentric ring structures investigated are approximately one to two orders of magnitude 
higher than the transmittances of similarly processed halo structures.  
It is important to emphasize that the reason that higher transmittance is desired is not just 
for facilitating a measurement with good signal-to-noise, but rather to use a structure that 
is more like to be able to be used in a biosensing device. While good signal-to-noise 
measurements are a key to obtaining and analyzing the data for such a biosensing device, 
it does not mean that the sample is capable of biosensing simply because it has relatively 
high transmittance. As a simple example, one can note that a large transmittance can be 
simply achieved by making an array of large holes that simply pass the light without the 
necessity for any plasmonic materials or behavior whatsoever. 
What we do want is to have a structure that has a high concentration of surface plasmon 
activity, and its related enhanced electric fields near the surface, such that targeted 
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species adhering to the surface through biological capturing mechanisms will have the 
largest influence on the interface properties that dictate the way that the surface plasmons 
form resonant conditions. Furthermore, in order to be able to detect that influence of 
captured antigens, and therefore their presence or possibly concentration, there must be a 
discernable modulation to a measurable quantity of the system, in this case transmittance. 
Using these aims, we can motivate structural characteristics by looking to see what 
features influence modulations in transmitted light, particularly those in the original halo 
structure. Figure 71 below (Figure S4 of supplemental material of Ye et al., 2012) shows 
how transmission suppression corresponds to SPP standing wave formation at the side 
wall of the halo structure, for resonant wavelengths 400 nm and 267 nm. Unlike the metal 
elsewhere in these samples, the thickness of the metal in this retrograde profile sidewall 
region is not opaque and is also sufficiently thin to allow the evanescent electric fields of 
SPP to penetrate through this sidewall. Light incident on this region can scatter into SPP 





Figure 71. Simulated field profiles of halo. Plotted are the absolute values of Ez and Ex 
at a Ag/PMMA interface for SPP wavelengths on (267 and 400 nm) and off (320 nm) 
resonance. On resonance, SPP standing waves form at the side wall, leading to 
transmission suppression. On the contrary, no standing wave forms off resonance, 
yielding higher transmission (brighter vertical white lines). The linear color scale ranges 
from 0 to 3 V/m. Trench size corresponds to circular structure with radius of 1.6 µm. 
(Figure S4 of supplemental material of Ye et al., 2012) 
 
 
Similar to the thickness of the planar samples used in the BioNavis system, the thickness 
of the metal in this sidewall region of the halo structure is large enough to contribute a 
sufficient amount of electrons to the SPP, though small enough such that the penetration 
depth of the surface plasmon encompasses the entire film thickness, ideally around 50nm. 
The central influence of this sidewall region is not a surprise when one remembers that 
the SPP modulated far-field light emanates from the eponymous halo-shaped region 
where this sidewall is located on the plasmonic halo. Plainly, if we want more SPP 
modulated far-field light then we need more sidewall. 
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The initial investigation of concentric ring structures was motivated by this same idea of 
improving upon the effect observed in the halo structure by creating a similar structure 
that invoked the aspects of halo that matter the most. The combination of regions with 
relatively thin sidewall and structural characteristics that impose boundary conditions on 
SPP formation exists at multiple regions in the concentric ring structure compared with 
the one perimeter region of the halo. The concentric ring structure first investigate was a 
Fresnel pattern, later followed a bullseye pattern, as shown in Figure 72. below for two 
patterns with similar diameter. There, the regions containing the blue would be the 
regions that would be exposed to the electron beam and therefore, the regions that the 
electron beam resist PMMA was removed from during subsequent development. 
 
Figure 72. Schematic of concentric ring structures. Shown are two investigated for 
incorporation in plasmonic biosensing device; both patterns written in NPGS link of 
DesignCAD using the Circle Array option. The Fresnel pattern was written with 
wavelength of 500 nm, focal length of 1 μm, and 5 zones. The bullseye pattern was 






The bullseye structure ended up being the concentric ring pattern that we primarily 
investigated for a few reasons; the values of the patterns’ sizing could be specified 
directly rather than determining them through measurement or calculation using the focal 
distance, the gap size and pitch could be separately specified, the gap size is constant for 
different radii rings, and the central region could be patterned without a trench as it was 
found that the transmitted colors of this region would be different from the outer rings. 
Figure 73 below shows a schematic of the steps of the fabrication process for the bullseye 





Figure 73. Schematic of bullseye structure. Tilted, cross-sectional view of fabrication 
steps. (a) ITO glass substrate, (b) spin coated PMMA, (c) EBL pattern post-development 
and (d) post-PVD of Au. See section 3.4.3 for details of fabrication. 
 
An example bullseye sample produced is shown in Figure 74 below as a tilted, cross-
sectional SEM. This cross-section was made using a focused ion beam (FIB) on the 
JEOL JIB-4500. It was observed that making FIB cuts on the highest beam current 






Figure 74. Cross-sectional SEM of bullseye. 30° tilted view of concentric ring trenches 
of the bullseye structure with cross-section made by FIB. Scale bar is 1 μm. 
 
 
As discussed in section 3.2.2, measurements of transmitted light were then made through 
an array of bullseyes. Again, the path of transmittance being from the bottom, through the 
glass-ITO substrate, then through the PMMA, then through the metal, then to the camera 
or spectrometer. Modulation of transmitted light similar to that observed in the halo is 
observed for concentric ring structures and the modulation is also dependent on structural 
parameters as is discussed further in section 3.4.4 and shown in Figure 75 below. There 
an image of bullseye structures with a range of gap sizes are shown with white light 
incident from the bottom side of the sample. The bullseyes range from 300 nm gap size 
on the leftmost to 1 μm for the rightmost, increasing at 25 nm intervals. Each member of 
a given column have the same gap size, also showing the resilience of the apparent 






Figure 75. Transmitted light through bullseye sweep. Shown is bottom side incident 
white light through an array of Ag bullseye structures with varying gap sizes, ranging 
from 300 nm to 1 μm from left to right. The image was taken with an 8.61 ms integration 







3.4.2 Materials Problems and Solutions 
The way that light will scatter into surface plasmons is dependent on the intertwined 
properties of both the structure and the materials. Furthermore, even if the combination 
light, material and structural conditions facilitate the coupling light into the surface 
plasmons, high absorption for certain wavelengths within the material may appreciably 
diminish the usefulness of the transmittance at those wavelengths. In addition to solid 
state material considerations, the desire to extend plasmonic nanostructures in our 
research to applications in biosensing means that biological and chemical considerations 
of the materials being used are often necessary. In particularly, since the metal in ours 
and most structures is the topmost material, its properties are the often the most important 
for consideration. As a brief list, a metal to be used in plasmonic-based biosensing device 
should have the following properties: 
i) Have low absorption for the wavelengths being investigated. 
ii) Be chemically robust to the physiological solutions involved. 
iii) Be capable of biofunctionalization schemes needed to capture target species. 
There are a few material-specific scattering mechanisms that dictate how a given metal 
will absorb light. Figure 76 below shows a schematic of a simplified energy band 
diagram for a noble metal, commonly used in this research and many other plasmonic 
devices (Khurgin et al., 2012). For our research, we are most concerned about interband 
transitions and how they will affect our choice of material. Particularly, when the energy 
of incident light becomes higher than energy difference between top of the d band and the 
fermi level, ħωB in the diagram, then transitions from the d-band to the hybridized-sp 
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band become can occur. The spontaneous emission of the transitioned electrons leaves a 
large signature in the transmittance spectra at the wavelength corresponding to this 
difference in energy level. 
 
 
Figure 76. Simplified energy band diagram of a noble metal. Filled energy states are 
shown in yellow, with intraband free carrier absorption (red arrows) and interband 
absorption (blue arrows). On the right side, absorption of a low energy photon requires 
simultaneous absorption of a phonon. On the left side, absorption of higher energy 
photon can be accompanied by either absorption or emission of a phonon. k, wavevector; 
ħ, reduced Planck’s constant; ω, frequency; ωB, frequency at the interband absorption 
edge; ω1, ω2, ω3, increasing values of the frequency; and θD, Debye frequency. Adapted 




For gold, the difference in energies for d-band transitions are they are near 2.3eV, 539nm, 
or 556THz (Saeger et al., 1977). Gold is commonly used is biosensing devices for it’s 
high chemical stability and well-established biofunctionalization protocols. Many gold-
based plasmonic biosensing devices have demonstrated success in the longer wavelengths 
of visible and infrared regions of the spectrum, without encountering the problem of the 
d-band transitions that occur at smaller wavelengths (Akter et al., 2019; Toma et al., 
2014). Since an appreciable amount d-band transitions do not occur in silver until UV 
wavelengths, it is a commonly used metal for plasmonic applications covering the entire 
visible spectrum, including in the original halo works. The main problem with using Ag 
in a biosensing device is that common physiological solutions used in 
biofunctionalization and bioassays chemically react with the Ag film. This chemical 
deterioration causes changes in the physical properties, such as its transmittance such as 




Figure 77. Ag thin film transmittances change. Measured for thin film of TiAg with 
constituent thicknesses of 3 nm and 47 nm, respectively. Plotted are the changes in 
transmittances after 4 h in DI-H2O and PBS 
 
Plotted there are the measured transmittances for thin films (~ 47 nm) of Ag with a small 
(~3 nm) Ti adhesion layer before and after immersion in deionized-H2O and phosphate-
buffered saline for 4 h. Note the nearly overlapping transmittance spectra of the before 
and after DI-H2O case while there is a significant change due to immersion in the PBS. 
Unsurprisingly, the PBS causes visual and measurable change in the transmitted light 
through Ag-based nanostructures, as do similar solutions needed for implementing 
biological capturing assays. Figure 78 below shows images and spectra of an example 
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concentric ring structure explored in the project before and after immersion in PBS for 50 
minutes.  
 
Figure 78. Ag nanostructure transmittances change. Ag-coated concentric ring 
nanostructure (early iteration with 100 rings) change due to immersion in PBS for 50 
min. Transmitted light from incident white light (a) before PBS immersion with camera 
integration time 216 ms and (b) after PBS immersion with camera integration time 
126ms. (c) Transmitted counts before and after PBS applications, note the difference in 
the spectrometer integration times used. 
 
It is important to note that the integration times used for the spectra measurements for the 
sample before and after were different, at 500 ms and 250 ms, respectively. Even so, the 
transmitted counts of the post-PBS spectrum are larger despite the shorter integration 
time. Also, the peaks from the spectrum afterward are noticeably broader than the spectra 
before exposure to PBS (the source was the same for both measurements.) This can be 
qualitatively observed in the optical images having less pronounced colors after the 
exposure compared with before. This broadening of the peaks in addition to the increase 
in transmittance (including the factor of 2 from integration time) is indicative of the 
increased leaking of light through the sample as opposed to enhanced plasmonic activity. 
This is a confirmation that the PBS is destructive to the surface features and the 
plasmonic activity critical to the functioning of the device. While the metal should 
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entirely cover the PMMA film, damage to this underlying resist was considered as a 
possible source of structural deterioration. To investigate this PMMA films prepared in 
the same way as samples were immersed in PBS and HCl solutions for 24 h. Before and 
after imaging and transmittance measurements through the PMMA films confirmed that 
there was no noticeable effect on this material due to immersion. 
To address issues specific to either Ag or Au, previous works have investigated alloys or 
bimetallic layers of Ag and Au to overcome these noble metal limitations for plasmonic 
applications (Gong et al., 2016; Chen et al., 2011; Zynio at al., 2002). We investigated 
the ability of a thin (~8 nm) layer of Au deposited on top of thicker (~50 nm) to protect 
the surface for chemical deterioration from PBS immersion. Figure 79 shows four images 
of different combinations of material and solutions they were immersed in for a period of 
4 h. It is qualitatively apparent that there is deterioration of the TiAg film in PBS, as 
discussed above and seen in Figure 79b. The deposition of a thin 8 nm film of Au above 
the Ag is able to prevent noticeable deterioration of the Ag film, maintaining the 





Figure 79. Metal thin films in PBS. Images of (a) TiAg after 4 h in DI-H2O, (b) TiAg 
after 4 h in PBS, (c) TiAgAu after 4 h in DI-H2O, and (d) TiAgAu after 4 h in PBS. 
Tarnishing only observable in sample (b). The corresponding thickness of Ti, Ag, and Au 
are 3 nm, 47 nm, and 8 nm, respectively. 
 
Similar to Figure 77 above, Figure 80 below shows the measured transmittance of these 
bimetallic TiAgAu films for the three different cases i) after metal deposition, ii) after 4 h 





Figure 80. AgAu thin film transmittances change. Measured transmittances through a 
thin film of TiAgAu with constituent thicknesses of 3 nm, 47 nm, and 8 nm respectively. 
Plotted are the changes in transmittances after 4 h in DI-H2O and PBS. The closely 
overlapping transmittances indicates a very small change between samples. 
 
 
The thin Au layer was successful at chemically protecting the Ag films and represents an 
attractive option for many potential applications in plasmonic-based biosensing devices. 
This protective property was also tested for thin Pt layers deposited on top of Ag and the 
results show that Pt performs equally well at protecting the Ag metal.  
Despite the fact that TiAgAu samples only have a proportionally small layer of Au at the 
surface, the samples still show significant visual and spectral presence of d-band 
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transitions in the Au regions. While such a thin layer of Au is not an optimal thickness for 
supporting surface plasmon resonances, as explain in section 3.2.1, being adjacent to the 
thicker Ag layer underneath yields a sample that has substantial scattering of incident 
white light into plasmons that are dominated by the Ag material but have electric fields 
that are still the largest at the Au/dielectric interface. At least for this set of parameters, 
the problem of high d-band transitions persists and may possibly be comparably larger 
than that observed in pure Au films. Figure 81 below shows transmitted light from 
bottom side incident white light through arrays of TiAgAu bullseye structures with 
varying gap sizes between separate arrays. Qualitatively, the image is dominated by the 
green light characteristic of d-band transitions in gold, compared with a broad color range 
shown in the all Ag bullseye structures from Figure 75 and again, which even appears to 




Figure 81. AgAu transmitted light images. Transmitted light from bottom side incident 
white light for arrays of bullseye structure of varying gap sizes and TiAgAu metallic 
layer.  
 
The measured transmittances of these nine regions are shown in Figure 82 below. The 
dominant peak near 550 nm of the d-band transitions in Au are several times larger than 
others features in transmittance above 700 nm. This is one of the driving reasons why this 
spectral signature of the d-band transitions limits the applicability of the Au-based 
samples. Specifically, this dominant peak causes the following 2 problems: 1) the peak 
dominates transmittance for wavelengths spanning from 450 nm to 650 nm, thereby 
greatly diminishing the ability to resolves spectral feature in the region and 2) the 
integration time of the spectrometer is relatively reduced to prevent saturation of 
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measured counts at these wavelengths, thereby lower the signal-to-noise for other 
regions, as can been seen by the relatively noisy transmittance data above 800 nm. 
 
 
Figure 82. AgAu bullseyes transmittance spectra. Measured transmittances 
corresponding to the images in Figure 81. The gap size in constant within each array of 
bullseyes and varies between the different arrays, from 450 nm to 850 nm.  
 
It is plausible that the problem discussed above could be greatly mitigated through a 
suitable combination of parameterizing the metal thicknesses, optical filtering, data 
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processing and different equipment selection. Further investigation of these details is 
necessary to test the viability of bimetallic layers of Ag-Au and Ag-Pt.  
In addition to protecting Ag plasmonic layers with chemically inert noble metals, there 
have been previous investigations of protecting Ag with nonmetallic layers, e.g. with a 
self-assembled monolayer (SAM), Si-C alloys, and other dielectrics (Wang et al., 2017; 
Touahir et al., 2010; Manesse et al., 2009; Szunerits et al., 2008). We found that 
deposition of a thin (~5 nm) layer of Al2O3 chemically protects the Ag film over several 
days of immersion in PBS. The foremost limitation of investigation of Al2O3 or other thin 
oxide layers on top of silver is that these materials require a different biofunctionalization 
protocol than Au or Ag and the adaption of reported protocols, commonly involving 
silane, has yet to be realized in this research. Also, surface modification by a SAM 
warrants investigation. Furthermore, any applied dielectric material on the topmost 
surface of the Ag needs to be thin (<10 nm) to ensure that captured biological species are 
still brought in close proximity to the evanescent electric fields of surface plasmons in 
order to have a measurable effect of the plasmon-mediated changes in transmittance. 
Fortuitously, the first step in biofunctionalization needed for antigen capture, as described 
in section 3.5.3, can be used to significantly reduce degradation of the Ag surface. For Ag 
this first species is thiol-conjugated streptavidin (SA-thiol), which forms a bond to the Ag 
surface that is later used to attach antibodies that are specific to detecting targeted 
antigens. We used the BioNavis SPR system (Figure 40) to measure the change of SPR-
mediate reflected intensity, see Figure 83. Recall that the minimum intensity corresponds 
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to the angle where the in-plane component of the incident lights wavevector matches the 
SP wavevector at that frequency.  
 




Uniform planar films will have nice narrow-width dips as shown because the Δk will 
come mostly from the light and not from roughness or structures in the material, similar 
to that found in plasmonic gratings. As the film deteriorates the roughness of the film will 
increase and the width of the dip will broaden. In Figure 84 below, the change in the 
width of dip vs. time is plotted for a bare Ag sample and a sample functionalized with 
SA-thiol. While both samples experience peak broadening, the sample with SA-thiol 
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bound to its surface experiences less broaden as a result of the partially protected Ag. 
This Ag protection is visually prominent in planar samples for time scale larger than 1 h.   
 
Figure 84. SA-thiol blocked Ag change. Change in SPR peak width at half max vs. time 
due to prolonged exposure to PBS for a sample with (green) and without (red) prior 
functionalization with SA-thiol. 
 
 
Reduction and prevention of Ag degradation is also possible through protein adsorption 
during application of solutions. This has been previously observed in protein-mediated 
stabilization of nanostructured Ag films (Drachev et al., 2005). In that work they used x-
ray diffraction to confirm that the Ag metal reacts with chlorine ions in buffer solution 
form AgCl crystals on the substrate surface. They also showed that the stabilization of the 
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silver films was linearly dependent on the protein concentration. It is well known that the 
presence of proteins is characteristic of the physiological solutions, e.g. blood or urine, 
that are the final targeted sample used for many biosensing applications. The ability to 
prevent Ag deterioration through protecting with inherently present proteins was tested 
by immersing Ag coated glass samples in human urine for 24 h. There was no noticeable 
difference in the mirror-like reflectivity of the Ag films by visual inspection. The 
molarity of salts in urine and other real physiological solutions can vary considerable 
depending on outside factors such as hydration, though they are comparable to the PBS 
molarity on average. Further investigation, including before and after SEM inspection of 
Ag nanostructure, is needed to evaluate the viability of protein presence as a Ag 
stabilizing protocol and ultimately answer whether our bioassays and proxy physiological 
solutions appropriately represent our target sample and application.  
Aluminum metallic layers were also briefly investigated and represent an attractive 
option with the potential for chemically stable use over optical wavelengths. Previous 
works have demonstrated aluminum attractive plasmonic properties (Gérard et al., 2015; 
Martin et al., 2014) and use in biosensing (Lee et al., 2017). Figure 85 below shows 




Figure 85. Al transmittance images and spectra. Images of transmitted light from 
bottom side incident white light through bullseye arrays (left) and their spectra (right) for 
gap sizes (a) 300 nm, (b) 400 nm, (c) 500 nm, and (d) 600 nm. 
131 
 
In particular, Al has attractive potential for is ability to support surface plasmons in the 
UV, thereby facilitating good overlap with excitation spectra of quantum dots, discussed 
in section 3.6.2. There remains the need to adapt a functionalization protocol of the 
aluminum surface in order to facilitate biofunctionalization. This presents and extra 
difficultly because the BioNavis system is not set up to couple to surface plasmons in 
aluminum, while both Au and Ag work in the system due to their similar plasma 
frequencies. Since aluminum with have a native oxide of Al2O3, an attractive option for 
adapting biofunctionalization protocol would be to use Au samples with a thin (~5 nm) 
layer of Al2O3 on top. Scattering to d-band transitions also need be considered for 
aluminum, which occur in the optical range around 850 nm. If there problems can be 
addressed for alumina, it’s incorporation may enable biosensing capability and warrants 
further investigation.  
 
3.4.3 Fabrication 
A schematic of a bullseye fabrication process is shown in Figure 73 from section 3.4.1. 
Further modification and parameterization of the current fabrication processes can 
plausibly enable properties within samples that will be advantageous for pursuit of a 
bullseye-based plasmonic biosensing device. For this reason, rather than presenting a 
detailed procedure like section 2.2.1, I will instead use this section to discuss some of the 
current processes and some main changes that have been considered. When appropriate, I 
will discuss the motivations and options for different steps. 
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To start, I will describe the fabrication of samples by electron beam lithography in the 
Boston College Integrated Sciences Cleanroom and Nanofabrication Facility. Substrates 
used were ITO coated boroaluminosilicate glass (Delta Technologies, Loveland, CO). 
Samples currently used are item CB-40IN-0107 with sheet resistance 4-10 Ω/sq, nominal 
transmittance >82%, nominal ITO thickness 150–200 nm, 25 mm -square and thickness 
0.7 mm. Thicker samples are available at 1.1 mm and were previously used though 
currently do not facilitate the focal plane of the condenser lens the to reach to top surface 
of the sample. Thinner ITO layers are available, down to 15–30 nm, having slightly 
larger nominal transmittance at 88%, though appreciable larger sheet resistance at 70–100 
Ω/sq. The larger transmittance, depending are its spectral features, may be beneficial for 
coupling light into the sample. The higher resistance could allow chare accumulation 
during electron beam writing, thereby reducing writing resolution. Since plasmonic 
properties have been reported for ITO materials and structures (Wang et al., 2017; 
Franzen et al., 2009), investigation of other substrates or charge mitigation techniques 
may be desirable. Once a substrate is chosen the samples are cleaned, typically by 
sonication in acetone followed immediately subsequent rinsing in isopropanol, then DI 
water and thoroughly dried with N2 gas. The samples are heating at 180° C to desiccate 
any surface moisture. The samples are then exposed to an oxygen plasma in a PVA TePla 
PS210 Plasma Barrel Etcher (Figure 12) for 1 min at power of 550W, pressure of 270 
mTorr, and O2 flowrate of 10 sccm. This plasma exposure is used to eliminate remaining 
organic contaminants and to promote adhesion of the following electron beam resist. 
Next a small amount (~ 1 ml) of PMMA is applied to the surface of the sample and is 
spin-coated to achieve the desired thickness and then soft-baked at 180° C for 5min. The 
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thickness of the spin-coated PMMA film is primarily determined by the top spin speed 
and the type of PMMA applied. The explored PMMAs 495-A8 and 950-A9 have 
approximately thicknesses of 500 nm and 1 μm, respectively, when spun at 4,000 RPM. 
Since the PMMA remains as part of the final structure, this thickness is of crucial 
importance. A list of the most important consideration for PMMA relative thickness are 
as follows: 
i) Thicker PMMA will require larger exposure doses during EBL. 
ii) Thicker PMMA typically cannot achieve as small size in-plane resolution. 
iii) Thicker PMMA can achieve higher aspect ratio structures. 
iv) Thicker films will have a more pronounced retrograde profile.  
v) Thicker PMMA cannot achieve as small of pitches, depending on beam voltage. 
Regarding i), larger exposure dose will typically not considerably affect the writing 
process or capabilities. When Developing a new process, it is always ideal to start with an 
exposure dose test, where the same pattern is exposure on a given sample for a range of 
dosage. Subsequent imaging by SEM can show which dosage is best for that structure. 
Ideal dosages are not linearly proportional to the PMMA thickness, with 500 nm and 1 
μm thick layer having ideal dosages of approximately 250 μC/cm2 and 300 μC/cm2, 
respectively. Regarding ii), it is my experience that thinner resists films are typically 
capable of achieving similar though slightly smaller sizes, though again not proportional 
to the ratio thicknesses. Regarding iii), since the achievable resolution for different 
thickness is somewhat similar and the thickness vary substantially, the aspect-ratios 
achievable for thicker films will be larger. The aspect ratio is important for creating 
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structures that have more volume closer to the surfaces and within gap regions where 
electric field modes and enhancement can occur. Regarding iv), the retrograde profile that 
occurs in PMMA is due to scattering of electrons as they penetrate the film. Figure 86 
below shows simulated scattering of electrons through PMMA on a Si substrate (Kyser et 
al., 1975) for two different acceleration voltages. While not explored in this work, it is 
worth noting that discontinuously retrograde profiles can be achieve by bi-layer processes 
using multiple PMMA layers with different molecular weights. 
 
Figure 86. Electron scattering in PMMA. Monte Carlo simulation of electron 





As the beam passes through the PMMA this scattering broadens the beam and therefore 
the volume exposed closer to the surface. A schematic cross-section of the resulting 
retrograde profile for two nearby trenches is shown in Figure 87 below.  Notice that the 
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retrograde profile will cause adjacent patterning to become undercut completely for 
certain combinations of parameters and will reduce the achievable pitch as is v). 
Geometrically, for a film thickness th, gap size gs, retrograde angle θ, the smallest pitch p 
possible before undercutting is experienced is 2·tan(θ) + gs, though in practice the pitch 
needs to be somewhat larger as very small finite resists width will still break away from 
the substrate. 
 
Figure 87. Schematic retrograde resist. Cross-section of two nearby trenches with 
retrograde profiles in PMMA. The substrate is in gray and PMMA is in red. p: pitch, gs: 
gap size, th: thickness of PMMA, θ: angle of retrograde profile. 
 
The retrograde angle will increase for decreasing acceleration voltage and can be 
attractive parameter to considering for influencing future deposition characteristics, as 
will be discussed with the deposition step. The angle reported for the PMMA in the 
original halo work was 8°. The undercutting discussed above can be seen in Figure 88 
SEM. Shown is an example bullseye structure from a parametric sweep test and with a 
relatively lower accelerating voltage of 20kV, compared with the typical 30kV used. 
During development most undercut structures wash away, either entering the developer 
solution or landing elsewhere on the surface. Coincidently, the four rings that were 
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between the five lines written dislodged from the substrate, flipped over, and settled 
directly next to their place of origin, remaining there for subsequent metal deposition. 
Looking at the bottom side of these rings give a unique view of the retrograde profile that 
occurs between these circular trenches.  
 
Figure 88. Disconnected concentric rings. SEM image of PMMA rings that became 
dislodge and flipped after undercut during exposure and development, after sputter 
deposition of 100 nm TiAu. 
 
After the electron beam writing, discussed in section 3.3.3, the sample is developed in a 
3:1 solution of isopropanol:methylisobutylketone (IPA:MIBK) for 1.5 min, followed by 
10 s rinse in pure IPA, and then in DI H2O for 30s, followed by drying with N2 gas. 
Microscope images after development of regions of bullseyes for four different gap sizes 
are shown in Figure 89 below. Each region contains a hexagonal close pack array of 
bullseyes with five rings of the same gap size and pitch, with spacings of 300 nm, 400 
nm, 500 nm, and 600 nm shown below. The arrays cover a total square region 500 μm × 
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500 μm, intended to cover the entire collection region of the 50x objective on the Leica 
microscope. The four arrays of gap sizes listed above are shown in Figure 90 picture 
(taken with iPhone 8 camera) of a sample from right to left, respectively.   
 
Figure 89. Microscope image of bullseye arrays. Images of bullseye array with gap 





Figure 90. Arrays of bullseyes. Left to right, gap sizes 600nm, 500nm, 400nm, and 
300nm. 
The final step in fabrication is depositing a metal that will support the desired surface 
plasmons and meet the other material requirements discussed in section 3.4.2. When 
depositing the metal, the main considerations can be summarized in the following list: 
i) The metal thickness must form a sufficiently opaque layer in the planar regions. 
ii) The materials most be chosen to meet structural and device needs. 
iii) The deposition tool’s capabilities. 
iv) The deposition’s anisotropicity and its influence on the sidewall thickness ratio. 
Regarding i), it is important to have opaque layer in the planar region in order to 
minimize the amount of white light that passes through the sample, which is not 
modulated by plasmonic activity in the structure. One can mitigate the contribution to the 
transmitted counts by subtracting the spectrum through an unstructured planar region 
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under the same collection conditions, as discussed in section 3.3.1. This process can 
introduce artificial noise and it is best to avoid this by ensure the deposition thickness 
yield opaque layers, approximately for thickness 150 nm and above. Regarding ii), there 
are additional material and structural considerations beyond those discussed in section 
3.4.2. Depositing a thin (~ 5 nm) layer of Ti or Cr before noble metals is typically done in 
order to improve surface adhesion. There can be appreciable loss in even thin adhesion 
layers, and one should process accordingly. Sequential deposition of certain materials 
will cause adverse interfacial reactions, e.g. such as that between aluminum and gold, 
referred to as the purple plague for its purplish appearance. Also, if deposited metal 
thickness exceeds a certain value then smaller gap sizes of bullseye will close completely. 
Regarding iii), the metals deposited on samples described herein were done on either the 
AJA sputter deposition system or the Sharon e-beam evaporator system. While there are 
many differences in the way these two tools deposit materials, the most relevant explored 
for samples described herein is the directionality of material, as listed in iv). Generally, 
the deposition performed in the AJA sputter system are more anisotropic, meaning that 
they will cover surface at angles not normal to the line of sight. This means that the 
sidewall thickness will be a larger fraction of the planar region thickness. The main 
reasons for lower deposition isotropy compared with that of the Sharon system are that 1) 
the AJA has a smaller distance between the target and the revolving sample, 2) the 
material targets are larger in the AJA, and 3) the gas used to produce plasma inherent to 
sputter deposition in the AJA collide with sputtered material introducing a somewhat 
stochastic deposition angle. Modifying the gas pressure and sample-target separation, 
currently at 3 mTorr and 37 cm, may be able to influence this anisotropy, though it may 
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also affect the deposition rate and surface stresses. The reason that the anisotropy of 
deposition, in concert with the retrograde resist profile, is so important is that it will 
change the amount of light that will transmit through the sidewall region in the bullseye 
structure and specifically, whether the light will pass through a sufficiently thick metal 
region to be modulate through scattering into surface plasmons. In summary, if the metal 
thickness in the sidewall region is too large then the transmitted light will be so small that 
the transmitted counts will not have good signal-to-noise ratio. If the metal thickness in 
the sidewall region is too small then the white light directly transmitted will be large 
compared with the plasmon-modulated light, therefore necessitating smaller integration 
times of the spectrometer and smaller fractional change to the transmitted light and again, 




Arrays of halo and ring structures were made by photolithography and physical vapor 
deposition, as shown in Figure 91 below. The wafer-scale, high-throughput processing 
inherent to photolithographic fabrication remains an attractive alternative to producing 
nanostructures through serial direct write processing, e.g. through EBL. While the sample 
preparation times are similar for the two processes, the exposure time for photolithgraphy 
is constant at around 10 s whereas the exposure time for EBL approximately scales 
quadratically with area and would take several hours for filled of 1 mm2. The equipment 
for EBL, an SEM with NPGS configuration, commonly have a higher in cost than mask 
aligners for photolithography, as are the rates charged at user facilities. 
While the economic motivation is considerable for developing or adapting a fabrication 
processes for photolithography, diffraction limited resolution limits many common 
photolithogaphy systems. Such commonly available photolithography tools, including 
those available to this work, use near UV light sources between 436 nm and 365 nm 
wavelengths, called g-line and i-line spectral lines, respectively. Systems that use 
significantly smaller wavelenths in the extreme ultraviolet (EUV) down to 10 nm exist 
and are used for commercial production of micro- and nanoelectronics. Other 
photolithography tools and techniques are able to achieve sub-diffraction limited 
patterning, though their description is beyond the scoop of this work. 
While the in-plane dimensions of a photolithographic pattern are diffraction limited, the 
vertical dimensions are not. Nanoscale features that may be important to desired structure 




Figure 91. Photolithography sample. Optical images of sample made by 
photolithography with subsequent zooms into a region with an array of singular circular 
trenches with inner diameter 9 µm and outer diameter of 10 µm. 
 
Standard ways of achieve nano-scale features through photolithogaphy is by the 
formation of retrograde resist profiles and throughout bilayer undercutting. These 
techniques are commonly used for perfomring lift-off deposition such that the edge of a 
pattern region are discontinous from the substrate to the later removed resist. These 
teechniques are important to this work because of the importance of the retrograde 
profile, as discussed in section 3.4.3. Listed in Figure 92 below are three common 






Figure 92. Retrograde photolthography processes. Schematic steps of three common 
photolithographic processes to achieve an undercut or retrograde resist profile. Processes 
use (a) negative tone resist or image reversal resist with a retrograde profile, (b) swelling 
of top-most region of resist by soaking with toluene after exposure and before 











Figure 93. Bullseye AFM. 30°-tilted 3D image of bullseye topography measured by an 
atomic force microscope.  
 
Figure 93 above shows topographical data from a Veeco Dimension 3100 AFM scan of a 
bullseye structure, for a 3D rendering tilted at 30° corresponding to SEM show in Figure 
74. Structural characterization through the topographic information can be obtain through 
AFM and SEM imaging. Inspection by SEM will typically give a better image and is 
capable of discerning some things that AFM images cannot, such as retrograde profiles 
and material boundary in cross-sectional images. AFM imaging can be useful for optical 
diffraction limited inspection of bullseye before the metal is deposited onto the PMMA 




As introduced in section 3.2.2, the most common avenue of investigation for samples in 
the chapter was through an optical microscope. While optical images provide only 
relative or qualitative information, they are very useful in obtaining an initial evaluation 
of a structure or process. Images of bullseye arrays from different samples are shown in 
Figure 94 and Figure 95 below, containing Ag and Au metallic layers, respectively. 
 
Figure 94. Images of Ag bullseye arrays. Transmitted light from bottom side incident 
white light through Ag bullseye arrays with gap sizes (a) 400 nm and (b) 675 nm. Inset 






Figure 95. Images of Au bullseye arrays. Transmitted light from bottom side incident 
white light through Au bullseye arrays with gap sizes from 400 nm and to 850 nm from 
left to right. Inset scalebar is 20 μm. 
 
 
This type of qualitative inspection is particularly valuable when motivating parameter 
selection with a parametric sweep, such as the one shown in Figure 75 of section 3.4.1. In 
fact, it was this type of visual inspection of an EBL parametric sweep of circular patterns 
that motivated the first inspection behind the original halo. In order facilitate an 
optimized and effective quantitative characterization of the transmittance spectra, large 
arrays of bullseyes need to be produced. Given that EBL is a serial and expensive 
process, this makes simultaneous quantitative analysis of many parameters unpractical. 
This is also the reason that higher-throughput processes like photolithography or nano-
imprint lithography represent an attractive avenue for investigation, though faithfully 
reproducing similar feature shapes and sizes poses several difficulties. 
We can characterize features in the transmittance spectra for different structural 
parameters. Figure 96 below shows how the wavelength of minima in the transmittance 
correspond to gap size for bullseye arrays image in Figure 95. In Figure 96c the minima 
wavelengths are plotted vs the nominal gap size of the bullseye structure Since the 
sample contains Au there is still a prominent peak near 550 nm wavelength, though peaks 
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beyond this region can be discerned. Since we believe that the modulations in 
transmittance data are through surface plasmons in the metal, we can study how the 
wavelength of these features are influenced by molecular and biological material. The 
wavelength changes in minima and maxima in response to introduced material is widely 




Figure 96. Transmittance minima. Spectra through bullseye arrays for (a) several gap 
sizes, (b) just 650 nm gap size, and (c) plot of minima wavelengths for different gap sizes 
with linear fits.  
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3.4.6 Plasmonic vs. photonic modulations 
The nature of the features observed in Figure 96 are discussed in this section. 
Specifically, four points are made in favor of the modes being the result of coupling to 
surface plasmons in the structure as well as how these modulations in transmitted light 
cannot be fully described by photonic modes and diffraction patterns. 
  
Point 1: The simulated electric field distributions are consistent with surface plasmons. 
Figure 97 below shows the z-component of the electric field for a periodic trench 
structure upon bottom-side incident monochromatic light for the wavelengths 400 nm and 
700 nm. The vertically facing metal thickness is 150 nm and the horizontal facing metal 
thickness, comprising the sidewall region, is 30 nm. The trench gap and pitch are both 
650 nm. This structure is modeled with a gap region at the bottom of the side wall in 
order to allow a direct comparison of transmittances with a perfect electric conductor and 
a lossy metal (see point 4 below). Focusing on the bottom of the trenches, one can 
observe the exponentially decaying periodic electric fields that are characteristic of 
surface plasmon resonances. For 400 nm illumination, there is higher confinement of 
these modes while for 700 nm illumination, there is relatively lower confinement of 
modes.  This analysis shows that the resonant modes are plasmon polaritons, i.e. have a 
mixed plasmon-photon character. These polaritons have a strong plasmonic character at 
wavelength of 400 nm, which approaches the plasmonic saturation of the dispersion, 
away from the light line. In contrast, at 700 nm, a strong coupled nature of the plasmon-
polariton is apparent, with a much less pronounced surface localization of the fields. The 
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remaining points reinforce the interpretation. Therefore, the detection system proposed 
can be convincingly described as a based on plasmon-polaritons, with the corresponding 




Figure 97. Simulated modes in periodic trenches. COMSOL simulated z-component of 
electric field for bottom-side incident monochromatic light for the wavelengths 400 nm 
and 700 nm showing confinement of plasmonic modes at the bottom of the trench gaps. 
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Point 2: Changing gap sizes are perpendicular to the transmitted light axis and resulting 
changes to the transmitted light are lost during transmission in the optical fiber. 
It is known that changing film thickness of dielectric material, not capable of supporting 
plasmons, can create thin film interferes that pass different wavelength of light 
differently. This changing thickness represents an interference phenomenon that pertains 
to changes that are parallel to the propagation of light.   
Conversely, the spectra of the changing gap size plotted in Figure 96 are structural 
changes that are perpendicular to the transmission axis for that measurement. Optical 
diffraction from periodic grating structures results in an interference pattern of maxima 
and minima in intensity in the far field. If these bullseye structures cause such 
interference patterns, then the far field light could have different distributions for 
different gap sizes or wavelengths. However, even if this is the case, when this light 
passes through the optical fiber any spatial distribution of intensities will be mixed during 
transmission through the fiber. Therefore, that diffraction-based information would be 
lost in the far-field collection and cannot explain the observed trends in transmittance 
plotted in Figure 96c. 
 
 
Point 3: If the numerical aperture (NA) of the objective lens is such that the number of 
collected orders of diffracted light is different for different wavelengths, then this would 





Figure 98. Diffracted orders of periodic grating. Schematic of grating structure and 
resulting diffractions pattern for different incident wavelengths showing different order 
maxima. Credit HyperPhysics, C.R. Nave. 
 
 
The angular separation, θ, of the of maxima is dependent on dimensions of the diffraction 
structure, e.g. 	  for a linear diffraction grating, where p is the grating pitch, 
m is the maxima order, and λ is the wavelength of incident light. Light in the far field 
could be collected in with an objective lens with numerical aperture 	sin	 ′ . In 
air n=1 and when focused on the surface . As is displayed in Figure 98 above, the 
angular position of maxima is also wavelength dependent. Specifically, the larger 
wavelengths will be diffracted to relatively higher angular positions. There are 
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combinations of objective lens and grating pitch (equivalent to gap size in the bullseye 
structure plotted in Figure 96) such that different wavelengths will have a different 
number of maxima orders fall within the numerical aperture being collected from. This 
would be observed as the transmitted intensity dropping as the wavelength increased 
when an interference maximum moves outside of the NA. However, as the incident 
wavelength increases further the collected intensity should not go back up, resulting in 
local minima i.e., those in the collected transmittance of Figure 96. Rather, the 
transmittance spectra would show a drop in transmittance each time the incident 
wavelength is large enough such that the next diffraction maxima would move outside of 
the NA. Figure 99 below shows an example sketch of what the transmittance would look 
like for orders m=2 and m=1 moving outside of the NA of the objective lens, without 




Figure 99. Sketch of collected diffraction orders. Example sketch of the changes in 
transmittance that would be observed for diffraction maxima moving outside of objective 
lens collection angle as a function of wavelength. 
 
 
Point 4: The simulated transmittance through periodic trench structures bearing a 
perfect electric conductor (PEC) is different from that of the same structure with a real 
metal. 
Figure 100 below shows transmittances through a periodic trench structure for a real 
metal and a metal with a PEC. The structure is the same as depicted in Figure 97. The 
notable differences in the two spectra are a confirmation that losses in the real metal 
result in appreciable changes to the transmitted spectra, possibly through plasmonic 
modulation. Therefore, since there is a considerable difference, photonic modulation of 
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transmitted light cannot sufficiently account for modulations observed in real 
transmittances measurements.  
 
 
Figure 100. Simulated transmittances of PEC vs. real metal. COMSOL simulated 
transmittances through periodic trench structures with a real meal and a PEC, showing 









3.5 Initial Testing 
 
3.5.1 Sensitivity Motives and Metrics 
 
In order to develop a device whose sensitivity in dependent on potentially small changes 
in the data measured in the experiment, the device must have a stable measurement 
background throughout the experimental process.  Otherwise, the presence of statistical 
or systematic errors will prevent any present signal from being observed, rendering the 
device ineffectual. As a way of testing this robustness, a sample twice underwent a 
sequence of measurement, PBS application, drying, measurement, rinsing, and drying, 
where transmittance measurements were made at the pre- and post-PBS states for both 
cycles. Figure 101 below shows the transmittances at these 4 different points, 
chronologically DRY 1, PBS 1, DRY 2, and PBS 2. The uniformity in the transmittances 
for each like state is observed and indicates small deviations caused by experimental 
procedure for this sample, one with Au metal on concentric ring nanostructure. 
Specifically, the variation in spectral features is very small as a function of wavelength, 
while the is some small offset in the intensities. This is likely due to the slight differences 
in the amount of light that scatters into the NA as a consequence of slightly similar 




Figure 101. PBS before and after spectra. Measured transmittance through a Au 




As can been in Figure 101, a local maximum in wavelength of transmittance for the dry 
measurement is shifted from 680 nm to 753 nm for the PBS. As previously discussed, 
this shift is due to the plasmon-modulated transmittance’s dependence on material 
properties at the metal dielectric interface, particularly the materials relative permittivity. 
More commonly discussed is the materials index of refraction, proportional to the square 
root of the relative permittivity given the non-magnetic properties of such materials for 
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optical wavelengths. The relatively large shift from 680 nm to 753 nm is the result of a 
relatively large shift in the index of refraction from nair = 1 to nPBS = 1.33. The most 
commonly defined metric for sensitivity, S, used in literature is the ratio of relative 
change in a wavelength feature to the change in index of refraction for those separate 
measurements, as in S ≡ Δλ / Δn with units of nm/RIU (refractive index units). For this 
definition the above sensitivity would be 73 nm / 0.33 RIU or 221 nm/RIU.  
Another common figure of merit is defined as the above-defined sensitivity divided by 
the full width at half maximum (FWHM) of the peak being interrogated. This has the 
benefit of eliminate the units of the sensitivity, which is a sign of the wavelength’s 
dependence on the sensitivity. For example, infrared-based biosensing devices are 
commonly found to have higher sensitivities the those in the visible regime, at least 
partially due to the fact that similar % changes in the wavelengths will correspond to 
larger Δλ for infrared. Figure 102 below shows a table of different plasmonic-based 
nanostructures and their sensing characteristics (adapted from Chung et al., 2011). 
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Wavelength Nanostructure Sensitivity RI Range Reference 
800-2800 nm Nanocrescents 879 nm/RIU Streptavidin Bukasov et al., 2010 




0.405 eV/RIU 1-1.5 Chan et al., 2008 
3000-8000 nm MIM nanodisk 1500 nm/RIU 1.3-1.39 Chang et al., 2018 
550-750 nm Nanostars 218 nm/RIU 1-1.38 Dondapati et al., 2010
350-650 nm Nanocubes 165 nm/RIU Neutravidin Galush et al., 2009 












1056 nm/RIU 1.34-1.44 Kubo et al., 2011 
900-1500 nm Gold Nanorings 880 nm/RIU 1.33-1.42 Larsson et al., 2007 
800-1000 nm Gold nano rods 650 nm/RIU 1.34-1.7 Lee et al., 2006 
500-1000 nm 
Arrays of gold 
nanodisk 
167 nm/RIU 1.32-1.42 Lee et al., 2011 
500-1000 nm 
Arrays of gold 
nanodisk 












725 nm/RIU 1.332-1.372 Liu et al., 2010 
450-900 nm Gold nanohole arrays 300 nm/RIU 1.333-1.381
Martinez-Perdiguero
et al., 2012 
400-850 nm Gold nanohole arrays 126 nm/RIU 1.33-1.39 
Martinez-Perdiguero
















250 nm/RIU 1.333-1.368 McPhillips et al., 2010
Figure 102. Table of reported plasmonic biosensors. Listed are the used nanostructures 
and their sensing characteristics, including device sensitivity. Adapted from Chung et al., 




Wavelength Nanostructure Sensitivity RI Range Reference 








408 nm/RIU 1.32-1.5 Sun et al., 2002 












593 nm/RIU 1.333-1.378 Tu et al., 2018 
1200-1900 nm Nanocross 710 nm/RIU 1.333-1.38 Verellen et al., 2011
1200-1900 nm Nanobar 1000 nm/RIU 1.333-1.38 Verellen et al., 2011
633 nm 
Silver thin film 
with SAM 
127 nm/RIU 1.3304-1.3311 Wang et al., 2017 
650 nm, 850 nm Gold nanohole arrays 9000 nm/RIU 1-1.33 Yesilkoy et al., 2018
Figure 102 continued. Table of reported plasmonic biosensors. Listed are the used 
nanostructures and their sensing characteristics, including device sensitivity. Adapted 




3.5.2 Sensitivity Testing 
The most common way to measure the sensitivity of a device is by applying liquids with 
different refractive indices and measuring the change in a spectral feature, e.g. a 
minimum or maximum in transmittance. We used this method to on a sample with an 
array of bullseye structure. To do so we applied Cargille certified refractive index liquids 
for indices ranging from 1.4 to 1.49 and recorded the corresponding transmittance spectra 
in each case. Plotted in Figure 103 below are transmittance maxima located near 670 nm 




Figure 103. Immersion oil wavelength change. (a) A selected wavelength maximum 
for different index of refractions. (b) Plot of wavelength maxima vs. index, where slope 
determines sensitivity.  
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The slope of the wavelength maxima vs. the index of refraction is the sensitivity. In 
Figure 103 this value is 91 nm/RIU. This value and the 221 nm/RIU from Figure 101 are 
somewhat lower than commonly reporter values in literature. This technique is a valuable 
way of testing a process changes ability to improve the desired outcome for a sample. 
Shown in Figure 104 are images and measured spectra of transmitted light through 
photolithographically patterned rings of Figure 91 for a sample in air (~green) and a 
sample immersed in DI-H2O (~orange), with the same bottom side incident white light in 
both cases. Using the minimum at 648 nm for the in air case the in H2O minimum moves 
to 749 nm. For a corresponding index change of 0.33 the sensitivity is 306 nm/RIU. 
 
Figure 104. Photolithographic rings in air and H2O. Shown are images of the 
transmitted light from bottom side incident white light for a sample in air and the same 




3.5.3 Initial Results and Failures 
The standard next step in demonstrating biosensing capability of a device is to measure 
the specific capture of a targeted antigen. This is done by showing a repeatable change in 
a measurable property of the device due to the introduction of the targeted species when 
compared to the absence of that change in an appropriate control test. Once proof-of-
concept detection has been demonstrated the further testing and device improvement can 
be down to show and improve the device’s limit of detection. The ability to model, make, 
and measure in such a way requires the precise coordination of tools, techniques, and 
materials across interdisciplinary fields of physics, chemistry and biology. In this section 
we discuss our attempts to develop biological protocols for use with previously described 
concentric ring bullseye nanostructures. 
The initially pursued protocol is shown in Figure 105 below. Shown there are the steps 
for biofunctionalizing and capturing a targeted antigen. In step (a) the sample is 
immersed in a physiological solution of similar composition to the solution used in 
subsequent steps, e.g. PBS. In step (b) thiol-conjugated streptavidin (SA-thiol) is added to 
the sample. The thiol conjugate forms a strong bond to the Au surface and while the 
binding mechanism remains fully agreed upon (Pensa et al., 2012), the binding strength 
has been quantified (Xue et al., 2014). In step (c) biotin-conjugated immunoglobin G 
(biotin-IgG) is added to the sample, facilitating the immobilization of IgG antibodies 
through the streptavidin-biotin binding. The biotin is conjugated to the Fc region of IgG 
thereby facilitating the steric availability of the Fab region, which is specific to the 
targeted antigen. In step (d) the targeted antigen is added and is captured by the IgG. In 




Figure 105. Antigen capture schematic. (a) Start by measuring the sample baseline with 
physiological liquid, (b) add SA-thiol, (c) add biotinylated-IgG specific to targeted 
antigen, (d) add antigen, and (e) record final configuration both wet and dry.  
 
A blocking step is commonly incorporated after step (b) or (c) as a way of preventing 
non-specific binging, especially if the antigen-containing solution also contains other 
proteins, as real physiological samples do. The transmittance was recorded at each step, a 
total of 6 times in order to view any potential changes particular to each step. The 
anticipated detection mechanism, described in section 3.5.2, was a redshift in wavelength 
of minima and maxima in the transmittance spectra due to the material immobilizing at 
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the structure surface, given that hydrated proteins have a typical index of refraction of 
n=1.45 (Vörös, 2004). 
An experiment was conducted to show the immobilization of biotinylated-IgG for a 
sample with SA-thiol compared with a control sample with SA-thiol. Figure 106 below 
transmittance spectra for incident white light through arrays of bullseye with 
corresponding gap size 400 nm, 500 nm, 600 nm, and 700 nm. These samples have Au 





Figure 106. Transmittance before and after IgG. Plotted are the transmittances of four 
bullseye arrays of different gap sizes for 2 separate chips (8 regions in total). For each 
sizing, spectra were measured before and after the addition of biotin-IgG to a sample with 
previously added SA-thiol and a control sample without previously added SA-thiol. 
 
There was an observable difference in the transmittance for the sample with SA-thiol 
compared to relatively no change for the control sample. The change in the SA-thiol 
bearing sample predominately preserved the wavelengths of the spectral features and 
therefore is not consistent with the redshift anticipated for a surface plasmon mediated 
changed. It is worth restating that the USB2000 spectrometer used has relatively lower 
intensity sensitivity and, along with lower transmitted sample intensities, resulted in 
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relatively high noise data for wavelengths above 800 nm, where there may exist 
important spectral features.  Additionally, since the samples were made with Au, there is 
a falsely inflated peak in transmittance between 500 nm and 700 nm, indicating a 
possible source of surface plasmon dissipation. There is a consistent observable 
difference in the samples with and without SA-thiol before the addition of IgG, as is 
expected do the immobilization of the SA-thiol.  
Similar tests were performed for different samples and equipment, primarily to 
investigate the potential impact of a more sensitive spectrometer. An experiment was run 
adding PBS to a sample, then adding SA-thiol, and finally adding biotin-IgG. Figure 107 
shows the transmittances (a) before and after adding SA-thiol and (b) before and after 
adding the biotin-IgG. While there is a discernable shift from the binding of SA-thiol, the 
shift from the IgG is in the opposite direction than SPR interaction would indicate, likely 




Figure 107. Transmittances post- SA-thiol and IgG. (a) before and after addition of 
SA-thiol and (b) before and after the addition of biotin-IgG. 
 
Since the detection of biotin-IgG binding was not evident, this combination of structure, 
biological assay and detection method were incapable of biofunctionalized biosensing. 
The next section describes some attempted signal enhancement schemes investigate in 
effort to realize biosensing capability. The remains a vast parameter space to be explored 
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for biosensing experimentation without such enhancement schemes, some of which are 
highlighted in section 3.7 
 
3.6 Signal Enhancement Schemes 
 
3.6.1 Metal Nanoparticles 
Nanoparticles have been the subject of much interest and application for their ability to 
enhance chemical and biological detection (Belushkin et al., 2018; Farka et al., 2017). 
This enhancement is due of electric fields of localized surface plasmon resonances of the 
nanoparticles interacting with nearby materials. Since many techniques are available to 
conjugate nanoparticles to antibodies or ligands, the localized field enhancement of 
nanoparticles can be brought in the vicinity of and immobilized to regions were the 
effects can be measured. An example of protocol for nanoparticle enhanced detection is 
shown in Figure 108 below.  
 
 
Figure 108. Nanoparticle biosensing schematic. Steps to immobilize a nanoparticle to a 
surface contingent upon the presence of the targeted antigen. 
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This protocol can be implemented as a way detecting antigen presence when the antigen 
itself does not lead to a detectable change for the given measurement. From Figure 108 
the steps are: (a) prepare the structure, (b) block the surface (if material degradation is a 
concern), (c) functionalize a primary antibody to the surface or to the blocking layer, (d) 
add in the solution containing the antigen, and (e) add a nanoparticle conjugated with a 
secondary antibody against a different region of the antigen from the primary antibody. 
As a first test, we directly bound thiol conjugated gold nanoparticles (AuNPs) to the Au 
surface of a bullseye array. An SEM image of a bullseye with immobilized Au 
nanoparticle is shown in Figure 109 below. 
 
 
Figure 109. Au nanoparticles on a bullseye. AuNPs were conjugated with thiol and 
bound to the surface. Inset image is 5× zoom and both images have an inset scalebar of 1 
μm.  
 
The transmittance through the sample was measured before and after the AuNP 
functionalization in order to investigate potential changes in spectral features. A 




Figure 110. Au nanoparticle redshift. Plotted are minimum transmittance values for a 
sample before (blue) and after (red) biofunctionalization of bullseye array with thiol 
conjugated AuNP.   
 
Next we elaborated the AuNP capture protocol to included SA-thiol and biotinylated-IgG 
biofunctionalization steps to capture a AuNP conjugated 2° antibody. A 1° antibody was 
selected directly against the 2° antibody in order to test just the positive antigen case, 
while forgoing the antigen inclusion for sake of simplicity. There was a relatively small, 
though non-negligible, redshift for transmittance features observed, as shown in Figure 
111 below. The plotted transmittance ranges and wavelength ranges were chosen to both 




Figure 111. 2° antibody conjugated AuNP capture. Measured transmittances (offset) 
through a biofunctionalized bullseye array before and after the addition and capture of a 
secondary antibody for (a) a maximum and (b) a minimum with changes of 2.66 nm and 
1.75 nm, respectively.  
 
The use of nanoparticle conjugated antibodies remains an attractive option for enhancing 
a detection mechanism. With improvement on the plasmon-modulated optical filtering of 
the bullseye structure, enhancement of redshifts through nanoparticles should be 
investigated further. Once such transmittance changes would be observed, it will be 
necessary to compare the observed change to a suitable reference, such as a planar gold 




3.6.2 Quantum Dots 
Quantum dots have become a widely employed means for imaging and biosensing 
devices (Ma et al., 2018; Park et al., 2017; Singh et a., 2018; Hong et al., 2018). Since the 
emission intensity of quantum dots scales monotonically with the excitation intensity, the 
large electric near-fields of surface plasmons of nearby metals have been used to enhance 
quantum dot emission (Gryczynski et al., 2005; Sadeghi et al., 2014; Zhang et al., 2018; 
Wu et al., 2011; Park et al, 2017). Quantum dots are an attractive option for use in our 
efforts to develop a plasmonic-based biosensing device, in a similar protocol to that 
shown for nanoparticles in Figure 108. The primary difference in the use of quantum dots 
is that the enhancement effect would theoretically be that experienced within the quantum 
dots. Furthermore, this would potentially enable us to demonstrate biosensing phenomena 
with a binary determination of whether the quantum dot emission signature is measured. 
This could be achieved with our structure in two ways: 1) by observing a peak in 
recorded spectra at the quantum dot’s characteristic emission wavelength or 2) by 
imaging a sample functionalized with quantum dots and by using image analysis to locate 
quantum dot emitters. In either case, the spectra or images collected would need to be 
compared with an appropriate control sample in order to prove the benefit of the 
accompanying structure. 
It is common for fluorescent microscopes to use optical filters and narrowband light 
sources to selectively illuminate fluorescent species with certain wavelengths that align 
with their excitation spectrum. Filters are similarly used in fluorescence microscopy to 
differentiate the emission wavelength from surrounding light or background. We 
implemented such filtering and light sources in our experiments. 
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For the experiments described herein we used CdSSe/ZnS core-shell semiconductor 
quantum dots with peak emission at 625 nm and FWHM of 23 nm (DiagNano, Creative 
Diagnostics). For illumination, we used a nominally 405 nm collimated LED with 
FWHM of 12 nm and max beam power of 450mW (Thorlabs). Two additional filters 
were used for these experiments; a 495 nm long-pass filter and a 410 nm bandpass filter. 
While the quantum dots have high fluorescent efficiency, the intensity of quantum dot 
emission is still much smaller than the illuminating intensity, even for large 
concentrations of quantum dots. Therefore, the long-pass filter was used to block the 
higher intensity 405 nm LED in order to allow investigation of the of spectral features 
above the 495 nm cutoff wavelength. At the larger integration times used (≥100 ms), 
higher order wavelength peaks become prominent as can be seen in the orange curve of 
Figure 112 below. There the principle 405 nm peak (violet) is shown with a normalized 






Figure 112. 405nm LED and long-pass filter. Relative transmitted counts for 
integration times 10 ms and lower power (violet) and maximum power, 1 s, and with the 
495 nm long-pass filter (orange).  
 
In order to eliminate these higher wavelength peaks from the light source, a band-pass 
filter with a 410 nm center-wavelength and 10 nm FWHM was used. As mentioned 
above, both spectra and images were collected for a series of experiments with the 
quantum dots. As a reference Figure 113 below shows a schematic of the TL setup and 
images for different filter configurations for dispersed quantum dots on glass. The 





Figure 113. Quantum dots on glass with filters. 
 
 
In Figure 113 the relative integration times used of for the images with and without the 
long-pass filter emphasize the relative intensities of the light source and quantum dot 
emitted intensities. If quantum dots were used in an experiment where the was a 
measurable difference in the emitted intensity from plasmon-coupled enhancement, then 
the different integration times for similarly saturated images would also be required. By 
using the saturation setting on the Leica microscope (to show when the camera pixels 
saturate), images of dispersed quantum dots with and without adjacent bullseye structures 
can be taken at similar saturation levels for their respective intensities. Then the relative 
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integration times for the images could be used for a quantitative comparison of quantum 
dot emission, to demonstrate the occurrence of surface plasmon-mediated enhancement. 
The relative emission intensity could be similarly, and more accurately, quantified by 
comparison of transmitted counts measured with a spectrometer.   
 
 
Figure 114. Quantum dots transmitted light. Shown are spectra for the normalized 
LED (violet), and quantum dots above a bullseye array (black) and planar regions (red, 
orange, yellow, green, blue). 
 
An example of comparing the transmitted counts is shown in Figure 114 above, alongside 
the normalized illumination source spectra. This plot shows the transmitted light for 
regions centered on an array of bullseye structures (black) and for five different regions 
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above planar metal film. All spectra show a dominant peak at the 625 nm quantum dot 
emission peak and also the tail peaks of the LED light source. While the bulls-eye 
centered 625 nm peak is larger than the planar values, it is likely predominantly due to 
the fact that more light is able to pass through the bullseye’s thinner metal sidewall 
regions, rather than an enhancement effect. Again, if there is to be any enhancement 
demonstrated then there needs to be an appropriate control for comparison. 
We also investigated the relative intensities of bullseye-centered and planar-centered for 
reflected light, this time with both long-pass and short-pass filters, shown in Figure 115. 
 
Figure 115. Quantum dot reflected light. (a) Compiled image of 625 nm emitting 
quantum dots and 405 nm LED through bullseyes. (b) Reflected counts spectra above   
 
The image in Figure 115a was compiled for the quantum dots image with the long-pass 
filter overlaid on the LED dominated image without the long-pass filter. The reflected 
counts were lower than the average of eight different planar region, though the variation 
is large due non-uniform aggregation of this older quantum dots supply. Similar to the 
transmitted light, this may not be an appropriate reference for determining enhancement 
phenomena due to the increased scattering of illuminating light for the bullseye array. 
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In order to justify the use of a quantum dot enhancement scheme, the resulting spectra 
counts for bullseye samples must be higher than that of a simple planar sample. I feel that 
the easiest example of this by comparing quantum dot emission counts from the same 
substrate with a sufficiently thick metal layer to allow the same biofunctionalization used 
for the nanostructured sample. Otherwise, the presence of the emission peak for them 
quantum dots, while an attractive detection strategy on its own, would not be 
demonstrably benefited from the plasmonic nanostructure. For a complete study, one also 
needs to account for additional spectral variations sometimes observed in quantum dots 
(Van Sark et al., 2002). 
Additional changes worth considering for pursuing quantum dot enhancement schemes 
are: i) using a different metal, ii) using a different light source, and iii) using different 
quantum dots. Since enhancement has been observed to be due to coupling to surface 
plasmons, there needs to be significant surface-plasmon formation at the excitation 
wavelengths of the quantum dots. That means that it necessary to choose a quantum dot 
with appropriate excitation wavelengths, the appropriate selection of light source capable 
of exciting plasmons at those wavelengths, the appropriate selection of metal capable of 
supporting plasmons with low losses at those wavelengths and appropriate structure that 
supports plasmon resonances at those wavelengths. One such change would be the use of 
Al for the nanostructure’s metallic layer, due to know UV plasmonic behavior and 






3.7 Discussion and Future Works 
 
3.7.1 Additional Features 
During optical investigation of bullseye structures, localized bright spots were observed 
for focal planes above and below the sample surface. This focusing of light has been 
previously reported and described in concentric ring plasmonic nanostructures (Cao et al., 
2016; Liu et al., 2011; Aouani et al., 2011).  
 
 
Figure 116. Bullseye light focusing. (a) optical image of three adjacent bullseyes at a 
focal plane slight above the sample surface with 5um scalebar. (b) Waterfall plot of 
greyscale pixel values for a centered line cut through bullseye images for focal distances 
above and below the sample surface. (c) Compiled line cut RBG pixel values of different 
focal distances, centered on sample surface with 1 μm x & y scale bar. Credit Yitzi Calm. 
 
Figure 116 above show images this light focusing phenomenon. Image (c) is as if looking 
at a cross-sectional image of the light at different focal distances. This focusing property 
has been previously studied for its potential applications in superresolution optical 
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microscopy and even enhancing the fluorescent intensity and directionality of molecular 
detection in fluorescent microscopy. This remains an attractive feature for further 
investigation in developing the bullseye plasmonic biosensor. 
Another feature observed and worth mentioning was the observation of quantum dots 
emission localized to between the concentric ring trenches, as opposed to within the 
trenches. This was observed for Al metallic structures and is shown in  Figure 117 below. 
 
 
Figure 117. Al bullseye with & without quantum dots. Images of transmitted light 
from bottom side incident white light though Al bullseye structure without (left) and with 
(right) addition of 625 nm emission peak quantum dots. 
 
 
The image before the addition of the quantum dots appears blue by eye, while the image 
with the quantum dots shows the approximately red color of the quantum dots and an 
apparently green color where the blue was emanating from, which may be indicative of 
the increased quantum dot absorbance at smaller wavelengths. Since simulations show 
183 
 
increased electric fields within the concentric ring trenches the apparent quantum dot 
emission specific the between the trenches suggest further analysis, including the 
investigation of possible liquid loading issues. 
 
3.7.2 The Future of the Project 
In this project there has been much progress towards the understanding and development 
of a plasmonic-based biosensing structure. The experimentation and results discussed 
herein have demonstrated a number of important methods and material properties that are 
valuable towards achieving a biosensing device, incorporating the promising plasmonic-
based structures described. 
As an end to this chapter, I will provide a list of specific recommendations to most 
succinctly motivate future progress and as a summary observation. They are as follows: 
a) When exploring new materials or structural parameters, first test a samples sensitivity 
by measuring the change in spectral features vs. varying index of refraction materials. 
b) Use the angled deposition tool shown in Figure 55 to have higher control of the ratio 
of planar to side-wall metal thicknesses. Good planar and side-wall thickness are near 
150 nm and 50 nm, respectively. This will be more useful for thicker PMMAs. 
c) Further test Ag’s degradation in physiological solutions, with and without the 
application of the first biofunctionalization. This should include a longer inspection 
run by BioNavis (~4 h) and before and after imaging by AFM and/or SEM. 
d) Perform photolithography for different process parameters and sensitivity testing of 
those samples. Use the photomask used to produce the sample shown in Figure 91. 
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e) Replicate previously reported functionalization protocols for oxides, particularly with 
the inclusion of a silane functional group. This may be important for Al-based 
samples and Ag-based sample with a thin (~5 nm) protective Al2O2 or SiO2 layer. 
f) Shorten the functionalization times down from 1 h to 5 min. As can be seen in Figure 
43, the time from injection to stabilization is approximately 1 min. Make sure that this 
value remains constant for different experiments. 
g) Test spectral changes for objective with different NAs and similar magnifications. 
h) Test influence of metal nanoparticles for metals different than that in the sample. 





In Chapter 1 we have motivated the importance of biosensing devices, referenced their 
growing interest, and the benefit that has occurred through the incorporation 
nanostructures and other nanoscale properties. Chapter 2 describes our research involving 
a nanogap coaxial electrode architecture. Chapter 3 describes our research involving a 
concentric ring plasmonic architecture. 
We have discussed the development, characterization and experimentation of these two 
nanoscale structures towards use in a biosensing device. We describe the tools and 
techniques used in fabrication of nanoscale features and show how precise manipulation 
of these features can translate to significant changes to transduced signal. We discuss the 
importance and methods in which the transduced signals are processed and presented.  
Included is a thorough inclusion and review of relevant literature as it pertains to process 
engineering considerations and device capabilities discussed throughout this thesis.  The 
results and progresses contained within this thesis are able to advance the understanding 
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